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ABSTRACT 
It is widely documented and accepted that athletes have difficulty maintaining 
adequate hydration status and that dehydration is a key risk factor for the heat-related 
illnesses commonly observed among athletes.  Research has also suggested that hydration 
status can influence cognitive performance. Educational interventions focused on 
rehydration strategies have had minimal success reducing dehydration rates; hence, 
alternative interventions promoting adequate hydration status in athletes should be 
explored.  This trial examined the efficacy of a commercial hydration mobile 
application (app) for reducing dehydration rates in campus athletes.  Fifty-eight 
college students aged 18-40 y, who participated in club-level collegiate athletics were 
recruited from a large Southwestern university and randomized by team to one of two 
study arms, the Standard of Care – Education (EDU) or the hydration mobile app (APP), 
to determine if app technology improved hydration status as compared to traditional 
education messaging.  Twenty-three (79%) in the EDU group and twenty (69%) in the 
APP group were mildly-dehydrated at baseline based on the three-day averages of 
hydration assessment (USG ³ 1.010). Moreover, 31% (n=9) and 28% (n=8) of the EDU 
and APP groups, respectively, were dehydrated (USG ³1.020). No significant differences 
were found between the EDU and APP groups following the intervention. Three-day 
average post-intervention USG testing showed 76% (n=22) and 72% (n=21) of the EDU 
and APP groups respectively were at best mildly-dehydrated. Additionally, 28% (n=8) 
and 17% (n=5) were considered dehydrated. Neither intervention improved hydration 
status after four weeks of treatment.  Further analyses of cognitive measures were 
conducted by hydration assessment groups at baseline and post-intervention: hydrated 
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(HYD) (USG < 1.020) or dehydrated (DEH) (USG ³ 1.020).  No significant differences 
between hydration status were found between intervention groups.  Additionally, no 
significant improvements were seen for either group, which indicates there is still a need 
for a novel way to improve hydration status in this population.  Multi-dimensional 
interventions and individualized interventions to improve hydration status in this at-risk 
population may be more effective.  Additional research should be conducted to determine 
if there is any cognitive performance enhancement associated with dehydration or mild-
dehydration by reassessing previous data and conducting future trials. 
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INTRODUCTION 
It is well documented that athletes have difficulty maintaining adequate hydration 
status and are frequently dehydrated prior to practice or competition (Decher et al., 2008; 
Bergeron, McLeod, & Coyle, 2007; Kavouras et al., 2012; Kutlu & Guler, 2006; Logan-
Sprenger & Palmer, 2011; Palmer & Spriet, 2008; Stover, Zachwieja, Stofan, & Murray, 
2006; Volpe, Poule, & Bland, 2009; Yeargin et al., 2010). Additionally, heat stroke is a 
major issue for athletes and is currently ranked as the 3rd highest cause of death in U.S. 
high-school athletes, only preceded by cardiac arrest (2nd) and head and neck trauma (1st)  
(Howe & Boden, 2007; Lee-Chiong & Stitt, 1995).  Dehydration is a key risk factor to 
heat-related illness prevention (Howe & Boden, 2007). Research also suggests that water 
balance plays a role in physical and cognitive performance (Kalman & Lepeley, 2010; 
Riebl & Davy, 2013). Yet, water is still often overlooked as a nutrient despite its 
essentiality to the human body (Kleiner, 1999).  Unfortunately, interventions focused on 
rehydration strategies have had minimal success reducing dehydration rates; hence, 
alternative interventions promoting adequate hydration status in athletes should be 
explored.   
Euhydration, is the balance between water output and intake (Kalman & Lepeley, 
2010; Kleiner, 1999; Rothenberg & Panagos, 2008).  The negative balance between water 
output and input is referred to as dehydration (Armstrong, 2007). Conversely, 
hyperhydration is any positive balance between water output and intake (Armstrong, 
2007). Symptoms of dehydration include headaches, fatigue, loss of appetite, heat 
intolerance, dizziness, thirst sensation, dark urine color and weakness (Armstrong, 2007; 
Riebl & Davy, 2013; Rothenberg & Panagos, 2008).  Evidence still lacks to establish an 
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RDA for water (Institute of Medicine, 2005).  An Adequate Intake of 3.7L and 2.7L of 
total water has been established for men and women ages 19 to 30 years of age, 
respectively (Institute of Medicine, 2005). Active individuals and those living in hot 
climates need to compensate further and may need upwards of 6 L per day, as physical 
activity and the environment increase heat stress and water loss via sweat (Benelam & 
Wyness, 2010; Rothenberg & Panagos, 2008).  
Research has shown that at a 2% loss of body weight, statistically significant 
impediments on exercise, exercise tolerance, exercise performance and cognitive 
performance occur (Armstrong, 2007; Kleiner, 1999; Riebl & Davy, 2013; Rothenberg & 
Panagos, 2008; Von Duvillard, Braun, Markofski, Beneke, & Leithäuser, 2004). 
However, the common symptoms of dehydration, i.e., thirst, may not manifest prior to 
the 2% body weight loss, which may be too late (Riebl & Davy, 2013).  Greater losses in 
body water, ≥5% body weight, impair exercise performance and VO2max in athletes 
(Goulet et al., 2010) and dehydration adversely impacts mood (Benton & Young, 2015).  
However, the evidence to support that smaller degrees of dehydration impair performance 
indicators is mixed  (Benton & Young, 2015), and the relationship between cognitive 
function and hydration status is still an emerging field (Kalman & Lepeley, 2010a; Riebl 
& Davy, 2013b).  A previous study in our laboratories concluded that 47-67% of students 
at a large Southwestern university could benefit from increased fluid consumption 
(Zemek & Johnston, 2016).  Moreover, while participation in sports requires high 
cognitive functioning for performance, no studies to our knowledge have sought to 
improve cognitive markers specifically in collegiate club-level athletes through a 
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hydration intervention.  Furthermore, no study has utilized an interactive mobile app to 
improve hydration status in this population. 
The objective of this study was to determine effective methods to improve 
hydration status among healthy club-level collegiate athletes.  We also sought to 
understand how hydration status could potentially impact cognitive performance markers 
in this population.  We hypothesized that a mobile application would show a larger 
improvement on hydration status markers, compared to educational methods in college 
athletes. We also hypothesized that if hydration status was improved, cognitive 
performance markers would also show improvement.  
METHODS AND MATERIALS 
Subject characteristics 
Student athletes aged 18-40 y who were participating in club-level collegiate 
sports were recruited from a large Southwestern university through verbal 
announcements and emails.  The announcements and emails directed them to complete 
an electronic screening questionnaire that included all inclusion and exclusion criteria. 
Individuals were excluded if they were non-students, had physical impediments that 
would interfere with the ability to write with a pencil or use a computer tablet, had a renal 
condition that could interfere with hydration measurements and those who did not own a 
smartphone. The study protocol was approved by the Institutional Review Board at 
Arizona State University.  The study protocol, design, risks and benefits were discussed 
with participants, and those wishing to participate read and signed the IRB approved 
consent form.  The investigators were present to answer any questions. Participants were 
told they could withdraw from the study at any time.  
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Experimental Design 
A two-arm trial was conducted and participants who met the enrollment criteria 
were randomized by team using a coin flip to one of two study arms: Standard of Care 
– Education (EDU) or hydration mobile app (APP).  This population was known to be at 
risk for dehydration and had relatively low resources available to them compared to 
Division-I athletes, including coaching and nutrition consulting, therefore, the researchers 
determined it would be unethical to have a true control so the standard of care (education) 
was utilized. Teams 
were randomized by 
the flip of a coin 
based on team (and 
thus gender).  
Average activity 
level (METS/wk), 
urine specific 
gravity (USG) and 
BMI were 
compared between groups to ensure they were equal at baseline. 
An overview of the study protocol is illustrated by Table 1.  All assessments 
and biological samples, were collected and analyzed at the campus fitness center where 
the club-athletes held their practices. All research personnel completed CITI training for 
human subject research (Collaborative Institutional Training Initiative; Miami FL) and 
were trained on study protocols and procedures to ensure inter-rater reliability across all 
Period Week Measurements Compensation 
Screening 0 Survey   
Pre-test 0 
USG (3 samples); 
hematocrit, urine color, 
TBW, health history 
questionnaire, food & 
beverage questionnaire, 
cognitive assessments 
$10 
Intervention 1-4 
Weekly screenshots of 
the app (APP), weekly 
reminder (EDU) 
  
 
  
  
Post-test 4 
USG (3 samples); 
hematocrit, urine color, 
TBW, food & beverage 
questionnaire, cognitive 
assessments 
$15 
Table 1. Study Protocol Overview 
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assessments and samples.  Additionally, all non-digital hydration assessment readings 
(hematocrit, urine color, USG) were conducted in duplicate by two different research 
staff members to minimize inter-operator variability and the average measurements were 
utilized for data analysis.  
Baseline assessments  
Qualifying athletes were scheduled to come to the fitness center to provide 
three early afternoon-afternoon (12 PM – 8 PM) spot urine samples during week 0 to 
establish a hydration status baseline.  Participants were provided with a sterile urine 
specimen cup and directed to a nearby bathroom to fill the cup to at least the 20-mL line 
marked on the cup. Participants were scheduled on non-adjacent days if possible with 
their schedules so the research team could gain a glimpse of their full week’s hydration 
status to ensure timing in the week or competition schedule didn’t affect the outcome 
measures. On visit 1 participants signed the consent form and provided a urine sample in 
a urine specimen cup. On visit 2 participants provided a urine sample in a specimen cup.  
Urine specific gravity (USG) was obtained using both a handheld refractometer (RHC-
200-ATC, Thermo Fisher Scientific, Waltham, Massachusetts) and a refractometer pen 
(3741, ATAGO, Tokyo, Japan).  For the handheld refractometer, a drop of urine was 
placed on the refractometer using a disposable mineral-free pipette and the reading was 
obtained (Volpe et al, 2009).  For the refractometer pen, the pen was dipped into the 
specimen per the manufacturers guidelines and the USG reading was obtained. Hydration 
status was determined by USG.  USG < 1.020 was considered hydrated and USG ³ 1.020 
was considered dehydrated (Oppliger & Bartok, 2002).  USG was assessed within 30 
minutes of specimen collection.  The refractometers were calibrated before each analysis 
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using distilled water. Urine color was also assessed using a validated color scale ranging 
from 1 (light yellow indicating euhydration) to 8 (brownish green indicating severe 
dehydration)  (Armstrong et al., 1994).   
On the day of the 3rd visit, participants also completed a brief validated health 
history questionnaire (HHQ) and a food and beverage questionnaire (FBQ), and 
anthropometric measurements [weight, height, percent body fat, and total body water 
(TBW)] were taken and cognitive performance assessments were administered.  The 
HHQ gathered demographic information (gender, age, class rank, ethnicity), last 
menstrual cycle, medical and medication history and questions to estimate activity level 
(METS/wk).  The FBQ gathered information about the participants’ vitamin and 
supplement usage, most recent meal, and past week’s alcohol and caffeine usage.  Height 
was measured in meters without shoes and socks using a stadiometer (Seca 213 portable 
stadiometer, Birmingham, United Kingdom).  Body weight, percent body fat, and TBW 
were measured with light street clothes and no shoes or socks using the standard category 
for bioelectrical impedance (TBF-300a, Tanita, Arlington Heights, Illinois). A small 
finger-prick blood sample was used to analyze hematocrit (StatSpin CritSpin S120-22, 
Beckman Coulter, Fullerton, CA) and hemoglobin (Hb).  Participants also completed the 
cognitive performance tests Trail-Making Tests (TMT) A and B and the Stroop Color 
Word Test (SCWT). The guidelines given by Spreen and Strauss (1998) were used to 
administer TMT A and B.  The outcome measure for TMT A and B is time to completion 
in seconds.  The cost of task-switching, also called interference, can also be calculated by 
the formula: [time to complete B] – [time to complete A].  The 45-second timed version 
of SCWT was administered using guidelines from Golden and Freshwater (2002).  The 
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outcome measure was the number of words read in the allotted time frame. Participants 
received a $10 gift card after completing visit three.  
Intervention 
Participants assigned to the education arm (EDU) received a 2-page (double-
sided) handout on maximizing performance hydration from the National College 
Athletic Association (NCAA) which included information from the Sports Science 
Institute and Sports, Cardiovascular, and Wellness Nutrition (SCAN) Registered 
Dietitians (RDs) that was reviewed in-person at their 3rd visit and given to participants 
to take home (SCAN Registered Dietitians, 2013).  The handout highlighted the 
importance of maintaining adequate hydration and provided tips to maintain adequate 
hydration (SCAN Registered Dietitians, 2013).  They also received a dated calendar and 
were instructed to check off the days that they monitored their urine color (one of the 
tips from the handout) to assess compliance and reminders were sent weekly.   
Participants assigned to the mobile application (APP) arm of the study were 
instructed to download the HydrateMe© App for operating systems OS and Android, and 
the research staff assisted them with setting it up during their 3rd study visit.  The app 
allowed water intake recommendations to be customized based upon anthropometric 
measures (age, gender, height, weight, etc.) and geographical location. The setup 
included entering the anthropometric data gathered by the study staff to ensure accuracy 
of the recommendation.  The mobile app used GPS data to consider information like 
weather (temperature and humidity level) and elevation on fluid recommendations and 
adjust where necessary. The participants were instructed to log their water intake into the 
app daily to try to meet their goal.  Weekly reminders were sent to participants, and they 
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were asked to send screenshots of the tracking log weekly to the research team to monitor 
compliance. The intervention lasted 28 days (4 weeks).  
Post-testing 
Following the 4-week intervention, participants repeated all baseline 
measurements.  Participants were scheduled for the same times and days of the week as 
their initial appointments when possible.  After completing all post-intervention 
assessments, participants were compensated a $15 gift card.  
Statistical analyses 
Power calculations ( a =0.05, power = 0.8) were performed to determine the 
number of subjects to have sufficient power based upon expected differences in USG 
between the two groups using the Harvard power analysis tool (Schoenfield, 2015).  
Power analysis determined that 48 participants were needed for the 2-arm parallel 
study.  To control for attrition, the sample estimates were inflated by 25% (n=60).  
Data were analyzed using IBM Statistical Package for Social Sciences (SPSS) version 23 
(SPSS 23 for Windows, 2010, Chicago IL).  Baseline demographics were assessed using 
independent samples t-test and chi square tests.  Correlation analyses were performed to 
assess strength of the relationship between variables.  Data are reported as mean ± SD. A 
one-way ANOVA was performed to assess treatment on hydration status markers.  A 
two-way ANOVA was performed to assess treatment and gender on hydration status 
markers. Hydration was also divided into three escalating categories in some analyses 
that was modified from Chia & Mukherjee (2011) where USG <1.010 was considered 
hydrated, USG ³ 1.010 but < 1.020 was considered mildly-dehydrated, and USG ³ 1.020 
was considered dehydrated.  T-scores were calculated for the SCWT that accounted for 
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age and education, and these scores were utilized for data analysis. A one-way ANCOVA 
was performed to assess USG on cognitive performance while controlling for class rank. 
Intention to treat was utilized with baseline values carried forward to account for attrition.  
RESULTS 
Participants 
Of the 82 respondents to the online survey, 77 
individuals met the inclusion criteria for the study and 60 
of these individuals were scheduled to begin the study 
(Figure 1).  Of the 5 participants who did not qualify for 
the study, 4 did not complete the screening survey and it 
could not be determined if they qualified and 1 indicated 
they were not willing to adhere to study procedure. Two 
participants were lost to attrition and did not complete all 
baseline testing.  In addition, 2 participants who started the 
intervention did not complete the 28-day trial.  One 
requested to be withdrawn from the study for personal 
reasons and the other was lost to attrition.  Intent to treat was utilized for the 2 
participants who did not complete the trial; hence, data are reported for fifty-eight club 
athletes (33 females and 25 males representing 11 club sports teams).    Participants were 
randomized based on team (and thus gender), METS per week, urine specific gravity 
(USG) and BMI, into two groups: 1) the standard of care control group – education 
(EDU) and 2) the mobile application intervention group (APP). Each group was 
composed of 29 participants with 18 females and 15 females in the EDU and APP 
82	completed	
screening	survey
77	qualified
60	scheduled
58	began	study
56	completed	
study
Figure 1. Participant 
recruitment  
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groups, respectively. Data were examined for normality and non-normal data were 
transformed where possible or non-parametric tests were utilized (Green & Salkin, 2008). 
Homogeneity of variance and homogeneity of covariance were also assessed and required 
no adjustments.  
 
Table 2. Baseline Characteristics of Study Participantsa 
Participant Characteristics EDU APP  p-value 
(29) (29)   
Gender, M/F 11/18 14/15 0.596b 
Age, y 20.9±3.9 21.0±2.4 0.999 
Body mass index, kg/m2 24.4±4.1 23.5±3.3 0.403 
Body mass, kg 71.1±10.6 69.3±14.3 0.604 
Hemoglobin, g/dL 13.0±1.9 13.9±1.9 0.109 
Hematocrit, % 42.3±9.0 42.7±6.2 0.863 
Urine Specific Gravity, 
g/mL 
1.018±0.008 1.015±0.008 0.287 
Weekly activity, METS, 
kcal·kg-1·wk-1 
102.8±49.1 97.3±43.9 0.658 
Caffeine, serv/d 1.2±1.1 1.5±3.6 0.698 
a Data are the Means ± SD; n in parentheses.  P-value represents independent t-tests.  
bChi square test 
 
Hydration Assessment  
No statistically significant differences between the EDU group and the APP group 
characteristics were found at baseline (See Table 2). Total mean compliance (% of trial 
days that participants tracked water intake or urine color) for both interventions was 79 ± 
31%. Mean compliance for the EDU and APP groups, respectively, was 84± 30% and 75 
± 32% and did not affect the findings when compliance was used as a covariate. Seventy-
nine percent (n=23) and sixty-nine percent (n=20) of the EDU and APP groups, 
respectively, were mildly-dehydrated at baseline based on the three-day averages of 
hydration assessment (USG ³ 1.010). Based on USG ³1.020, 31% (n=9) and 28% (n=8) 
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of the EDU and APP groups, respectively, were dehydrated. No significant differences 
were found between the EDU and APP groups following the intervention (Table 2).  
Change in 3-day averages for USG between baseline and post-intervention were graphed 
by participant for each group (Figures 2 & 3) and did not differ between the EDU group 
and the APP group.  Three-day average post-intervention USG testing showed that 76% 
(n=22) and 72% (n=21) of the EDU and APP groups respectively were at least mildly-
dehydrated (USG  ³1.010). Additionally, 28% (n=8) and 17% (n=5) were considered 
dehydrated based (USG  ³1.020).  Hydration status outcomes (Table 3) and mean change 
in USG (Tables 4 & 5) were also analyzed by gender and intervention group, however, 
no statistically significant results were found for either analysis.  Table 6 provides both 3-
day average and testing day USG means by team at baseline and post-intervention.  
Correlation analysis also found USG on baseline cognitive testing day to be highly 
correlated with the baseline 3-day averages of urine color (r=0.648, p<0.001) and USG 
(r=0.737, p<0.001).  Additionally, USG on the baseline testing day was correlated to the 
USG on post-intervention cognitive testing day (r=0.494, p<0.001).  Correlations also 
existed for post-intervention cognitive testing day and 3-day averages of urine color 
(p=0.654, p<0.001) and USG (r=0.740, p<0.001).  
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Table 3. Hydration outcome measures at baseline and post-intervention in participants 
assigned to the EDU (n=29) or APP (n=29) groupsa 
Variable Baseline Post  P Effect size 
Three-day average USG     
   EDU  1.017±0.007 1.017±0.008   
   APP 1.015±0.007 1.014±0.006 0.466 0.010 
Testing day USG     
   EDU  1.018±0.008 1.017±0.008   
   APP 1.015±0.008 1.014±0.008 0.746 0.002 
a Data are mean ± SD; n=58 (29 EDU; 29 APP). There were no differences between 
groups at baseline. P value represents repeated measures ANOVA for time x group 
interaction. EDU: education-standard of care; APP: mobile application. 
 
Table 4. Hydration outcome measures at baseline and post-intervention in participants 
assigned to the EDU (n=29) or APP (n=29) groups by gendera 
Variable EDU APP  p-value 
Male  
(11) 
Female  
(18) 
Male 
 (14) 
Female 
 (15) 
 
Three-day average USG      
    Baseline  1.018±0.006 1.016±0.00
7 
1.015±0.00
8 
1.014±0.00
7 
 
    Post-intervention 1.020±0.008 1.015±0.00
8 
1.014±0.00
6 
1.013±0.00
6 
0.516 
Testing day USG      
    Baseline 1.021±0.006 1.016±0.00
9 
1.016±0.00
9 
1.015±0.00
8 
 
    Post-intervention 1.017±0.009 1.017±0.00
9 
1.014±0.00
7 
1.014±0.00
9 
0.463 
a Data are mean ± SD; n=58 (29 EDU; 29 APP). There were no differences between 
groups at baseline. P value represents two-way repeated measures ANOVA for 
interaction; there no were difference by gender or by group. EDU: education-standard of 
care; APP: mobile application. 
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Table 5. Mean change in USG by gender in participants assigned to the EDU (n=29) or 
APP (n=29) groupsa 
Variable EDU APP  p-value 
Male  
(11) 
Female  
(18) 
Male 
 (14) 
Female 
 (15) 
 
D in three-day 
average USG 
0.003±0.008 0.001±0.008 0.002±0.006 0.001±0.010 0.516 
D in testing day 
USG 
0.001±0.007 0.001±0.004 0.001±0.006 0.001±0.004 0.463 
a Data are mean ± SD; n=58 (29 EDU; 29 APP). There were no differences between 
groups at baseline. P value represents 2-way ANOVA gender by group interaction; there 
were difference by gender or by group. EDU: education-standard of care; APP: mobile 
application. 
 
 
Table 6. Hydration outcome measures at baseline and post-intervention in participants 
assigned to the EDU (n=29) or APP (n=29) groups by teama 
Team (n)  Baseline  
3-day average 
USG 
Post-  
3-day 
average USG 
Baseline    
testing day 
USG 
Post-  
testing day 
USG 
EDU     
    Women’s water polo (7) 1.017±0.008 1.015±0.009 1.019±0.009 1.018±0.009 
    Women’s Rowing (2) 1.019±0.007 1.018±0.005 1.022±0.006 1.018±0.009 
    Men’s Rowing (3) 1.015±0.007 1.014±0.004 1.016±0.007 1.016±0.003 
    Women’s Roller Derby (5) 1.018±0.007 1.018±0.012 1.016±0.010 1.019±0.012 
    Fencing (1) 1.017 1.037 1.021 1.020 
    Equestrian (1) 1.014 1.012 1.004 1.022 
    Quidditch (10) 1.017±0.006 1.016±0.006 1.018±0.009 1.014±0.007 
APP     
    Men’s Soccer (6) 1.022±0.006 1.017±0.005 1.023±0.007 1.020±0.004 
    Women’s Volleyball (4) 1.014±0.007 1.013±0.003 1.006±0.002 1.016±0.008 
    Women’s Ultimate Frisbee 
(6) 
1.017±0.007 1.016±0.008 1.021±0.005 1.017±0.008 
    Dragonboat (13) 1.011±0.005 1.011±0.005 1.012±0.007 1.009±0.007 
a Data are mean ± SD; n=58 (29 EDU; 29 APP). EDU: education-standard of care; APP: 
mobile application. 
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Figure 2. Change in USG by participant for EDU group. Mean change was -0.0006 
and median change was -0.0007. Compliance was 0.837 ± 0.302.  
Figure 3. Change in USG by participant for APP group. Mean change was -0.0013 and 
median change was –0.0011. Compliance was 0.745 ± 0.319. 
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Cognitive Assessment 
Because no statistical difference between intervention groups was found, 
statistical analysis of cognitive measures was conducted by hydration assessment groups 
based on testing day USG at baseline and post-intervention: Hydrated (HYD) (USG < 
1.020) or dehydrated (DEH) (USG ³ 1.020) (Tables 7 & 8).  No significant differences 
were found between groups.  No significant differences were found between the HYD 
and DEH groups.  Statistical analysis of cognitive measures was also conducted by 
hydration assessment groups based on testing day USG: 1) Hydrated (HYD) (USG < 
1.010), 2) mildly-dehydrated (MDH) (USG ³ 1.010 but < 1.020), or 3) dehydrated (DEH) 
(USG ³ 1.020 at baseline and post-intervention) (Tables 9 & 10).  No significant 
differences were found between the HYD, MDH and DEH groups.  A small negative 
correlation was found between post-intervention 3-day average color and TMT A (r= -
0.272, p=0.039), change in TMT A time (r= -0.392, p=0.002) and TMT interference at 
baseline (r= -0.271, p=0.040) indicating that as color got darker, and thus dehydration 
increased, time to complete testing decreased.  A small negative correlation was also 
found between post-intervention 3-day average USG and change in TMT A time (r= -
0.318, p=0.015) indicating that as USG got higher, and thus dehydration increased, time 
to completion decreased. All relationships diminished when partial correlations were run 
accounting for class rank (i.e. freshman, sophomore, etc.). Correlation analysis also found 
a slight negative correlation between Stroop words at baseline and TMT A at baseline (r= 
-0.275, p=0.037), TMT B at baseline (r= -0.416, p=0.001), TMT A post-intervention (r= -
0.454, p<0.001) and TMT interference at baseline (r= -0.315, p=0.016) indicating that as 
total words increased, thus improved, total time to completion decreased, also improving. 
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Other correlations were also found between Stroop words at baseline and Stroop words 
post-intervention (r=0.845, p<0.001), Stroop colors post-intervention (r=0.530, p<0.001) 
Stroop color-word post-intervention (r=0.362, p+0.005), and change in TMT interference 
(r=0.325, p+0.013) and change in TMT B (r=0.315, p=0.013).  All correlations vanished 
when class rank was accounted for via partial correlation.  
Table 7. Cognitive outcome measures at baseline in participants assigned to the HYD or 
DEH groups based on testing day USGa 
Test Baseline 
 HYD DEH  p-value 
(35) (23) 
TMT A, seconds 24.7±6.8 27.3±6.8 0.127b 
TMT B, seconds 50.9±16.8 55.2±15.5 0.110c 
TMT Interference, seconds 26.1±15.9 27.9±2 0.633b 
Stroop Words, t-score 51.2±11.2 51.7±8.3 0.610 
Stroop Colors, t-score  47.8±11.1 48.6±9.0 0.647 
Stroop Color-Words, t-score 52.5±10.9 53.4±9.4 0.855 
Stroop Interference, t-score 54.9±7.3 55.1±8.4 0.909 
a Data are the Means ± SD; n in parentheses. HYD: hydrated based on USG < 1.020; DEH: dehydrated 
based on USG ³ 1.020 and < 1.030; SDH: severe dehydration based on USG ³ 1.030. P-value represents 
one-way ANCOVA for test x hydration group. The following co-variates were controlled for: Class 
Rank.  b Data were transformed. c Kruskal-Wallace H non-parametric test was utilized.  
 
Table 8. Cognitive outcome measures at post-intervention in participants assigned to the 
HYD or DEH groups based on testing day USGa 
Test Post Intervention 
 HYD DEH p-value 
(39) (19)  
TMT A, seconds 22.1±6.4 19.9±4.7 0.142b 
TMT B, seconds 46.8±18.4 41.6±10.4 0.230c 
TMT Interference, seconds 24.7±17.5 21.7±10.5 0.548b 
Stroop Words, t-score 54.4±10.6 55.36±10.0 0.873 
Stroop Colors, t-score  51.4±10.9 52.3±9.5 0.742 
Stroop Color-Words, t-score 56.7±11.4 57.0±9.0 0.686 
Stroop Interference, t-score 57.0±8.9 56.4±6.5 0.714 
a Data are the Means ± SD; n in parentheses.  P-value represents one-way ANCOVA for test x hydration 
group. The following co-variates were controlled for: Class Rank. HYD: hydrated based on USG < 
1.020; DEH: dehydrated based on USG ³ 1.020 and < 1.030; SDH: severe dehydration based on USG ³ 
1.030. b Data were transformed. c Kruskal-Wallace H non-parametric test was utilized.  
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Table 9.Cognitive outcome measures at baseline in participants assigned to the HYD, 
MDH or DEH groups based on testing day USGa 
Test Baseline 
HYD MDH  DEH p-value 
(16) (19) (23) 
TMT A, seconds 24.7±8.4 24.8±5.3 27.3±6.8 0.200c 
TMT B, seconds 54.0±19.3 48.2±14.3 55.2±15.5 0.209c 
TMT 
Interference, 
seconds 
29.3±18.3 23.4±13.4 27.9±15.2 0.514b 
Stroop Words, t-
core 
51.5±10.4 50.9±12.1 51.7±8.3 0.838 
Stroop Colors, t-
score  
47.9±10.9 47.8±11.5 48.6±9.0 0.891 
Stroop Color-
Words, t-score 
50.7±9.7 54.0±11.9 53.4±9.4 0.678 
Str op 
Interference, t-
score 
52.8±6.8 56.6±7.3 55.1±8.4 0.346 
a Data are the Means ± SD; n in parentheses.  P-value represents one-way ANCOVA for 
test x hydration group. The following co-variates were controlled for: Class Rank. 
HYD: hydrated based on USG < 1.010; MDH: mild-dehydration based on USG > 1.010 
but < 1.020; DEH: dehydrated based on USG ³ 1.020.b Data were transformed. c 
Kruskal-Wallace H non-parametric test was utilized.  
 
Table 10. Cognitive outcome measures at post-intervention in participants assigned to the 
HYD, MDH or DEH groups based on testing day USGa 
Test Post-intervention 
HYD MDH DEH p-value 
(16) (23) (19)  
TMT A, seconds 22.3±6.0 21.9±6.8 19.9 0.335b 
TMT B, seconds 45.1±11.3 47.9±22.3 41.6±10.4 0.475c 
TMT 
Interference, 
seconds 
22.7±13.0 26.0±20.2 21.7±10.5 0.630b 
Stroop Words, t-
core 
57.4±8.8 52.3±11.4 55.4±10.0 0.402 
Stroop Colors, t-
score  
50.2±9.1 52.2±12.1 52.3±9.5 0.600 
Stroop Color-
Words, t-score 
54.7±9.8 58.1±12.5 57.0±9.0 0.405 
Str op 
Interference, t-
score 
54.4±8.5 58.8±9.0 56.4±6.5 0.225 
a Data are the Means ± SD; n in parentheses.  b Data were transformed. c Kruskal-
Wallace H non-parametric test was utilized. P-value represents one-way ANCOVA for 
test x hydration group. The following co-variates were controlled for: Class Rank. 
HYD: hydrated based on USG < 1.010; MDH: mild-dehydration based on USG > 1.010 
but < 1.020; DEH: dehydrated based on USG ³ 1.020. 
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DISCUSSION 
Significant differences between the groups were not evident following the 
intervention, as evidenced by Figures 1 & 2. To our knowledge, our intervention was the 
first where participants were assessed using spot urines in the early to late afternoon (12 
PM – 8 PM), which are more reflective of 24-hour urine (Perrier et al., 2013). 
Additionally, to our knowledge, our study was also the first study to intervene in athletes 
for an extended period (28 days).  The study was initially developed with a 3rd arm to test 
a smart water bottle that worked with the app so users did not have to manually enter 
water consumption.  However, the company was a startup company and not able to 
accommodate the large order at the time of the study.  This is a potential mechanism that 
future research should investigate.   
In hindsight, it would have been helpful to have conducted post-trial interviews to 
understand what worked as well as what did not work for the participants in either 
intervention group. This study was limited by its environment compared to previous 
educational interventions trials in athletes because the club sports teams at the university 
practice in the student fitness centers, whose focus is to serve the general student 
population.   While previous educational interventions have also educated on the benefits 
of maintaining adequate hydration and provided both verbal and written tips, they were 
also able to make other changes to the environment, which may have led to the 
significant outcomes found in those trials compared to the current trial (Kavouras et al., 
2012).  Kavouras et al. (2012) mounted color charts in the bathrooms of the facilities 
used by the athletes for camp and they also improved water accessibility throughout the 
facilities and in the dining halls.  In the present trial, the researchers noted that only two 
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water fountains were easily located in the large multi-floor building that made up the 
student fitness complex.  Had this study had the means to improve water accessibility 
throughout the facility, it is possible that a different outcome may have occurred.  A 
future study in the same population could make use of mobile hydration stations and see 
if hydration improved in the population after installation.  Additionally, in the fitness 
center, flyers are extremely regulated and could not have been mounted on the back of 
bathroom stalls or in the restrooms as the cleaning staff is instructed to remove them.  
Kavouras et al. (2012) also utilized first morning spot urines, which are known to be most 
concentrated and least reflective of 24-hour urine (Perrier et al., 2013), which may have 
skewed the results. Our intervention was also conducted over 28 days to focus on 
improving and maintaining adequate hydration by intervention in this population, where 
Kavouras et al. (2012) did pre-testing on day 2 and post-testing on day 4 of a week-long 
training camp.  
 When the cognitive results were split into 3 groups: hydrated, mildly-dehydrated 
and dehydrated, we witnessed an interesting finding where the mildly-dehydrated 
participants scored better in the TMT B test and TMT interference.  Better scores were 
also seen in the dehydrated participants for TMT interference.  Furthermore, in the 
SCWT, the mildly-dehydrated participants had a higher z-score, indicating better 
performance, for color, color-word, and interference.  The dehydrated participants had a 
higher z-score for all (word, color, color-word, and interference) portions of the SCWT 
test.   
In a pilot study of healthy collegiate students, similar findings were witnessed 
where the mildly-dehydrated and dehydrated students performed better than the hydrated 
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students on some cognitive tests  (Zemek & Johnston, n.d.) A study by D’Anci et al. 
(2009) also noted a similar finding, which showed participants in the euhydrated 
condition performed worse than participants in the dehydration condition on a digit span 
test.  Additionally, Zemek & Johnston (n.d) noted that those over 30 years of age had 
larger effects of dehydration on cognitive performance.  Other studies have concluded 
that TMT A and B performance decreases with aging (Tombaugh, 2004) and that the 
brain shrinks when dehydrated (Streitbürger et al., 2012), which could be related to these 
observations. Given that the mean age for both of our groups was 21.0 ± 3.2 (20.9 ± 3.9 
for the EDU group and 21.0 ± 2.4 for the APP group), it could be that significant 
differences in the current study were not observed because dehydration may not affect 
individuals below the 30-year-old threshold  (Zemek & Johnston, n.d.).  Future research 
should delve further into these cognitive performance observations between dehydrated, 
mildly-dehydrated, and hydrated individuals, as well as performance differences with 
age.   
A recent meta-analysis found a small significant effect of being an athlete and 
performing better on cognitive tests compared to non-athletes, particularly measures of 
processing speed (Voss, Kramer, Basak, Prakash, & Roberts, 2010). Furthermore, they 
found males showed the largest effects on cognitive measures, meaning being a male and 
athlete had a large effect on performing better on cognitive tests (Voss et al., 2010). This 
study did not evaluate hydration, so it is unknown if this phenomenon could potentially 
“override” any effect of dehydration.  Additionally, while it is possible that this could 
explain some of the effect seen in our study, all our participants were athletes, and so it 
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not likely that this effect accounts for our observations since they would all have the 
same athlete advantage.  
During our intervention trial the researchers noted that at least 2 participants 
mentioned that they had seen the SCWT previously in as part of a concussion test.  While 
neither the SCWT test or TMT A and B are at risk as other tests for a learning effect, it is 
possible that with only 28 days between testing, there could have been a learning effect to 
explain the phenomena seen with the mildly-dehydrated and dehydrated participants.  
However, as mentioned, a learning effect is unlikely with these tests (Spreen & Strauss, 
1998).  Future research should investigate the cognitive tests utilized in standard 
concussion protocols.  Because the brain shrinks when an individual is dehydrated 
(Streitbürger et al., 2012), dehydrated individuals may be at greater risk for a more severe 
concussion.  Additionally, if being mildly-dehydrated or dehydrated were a factor that 
increases performance on the SCWT in additional studies, hydration status may need to 
be taken prior to concussion testing and a different test may be warranted to assess 
concussions in dehydrated athletes as their dehydration may skew the normative data for 
those measures. Future studies should be conducted to see if these relationships exist and 
if alternative testing forms are needed for dehydrated athletes.  
CONCLUSIONS 
 No significant differences between hydration status were found between 
intervention groups.  Additionally, no significant improvements were seen for either 
group, which indicates there is still a need for a novel way to improve hydration status in 
this population.  Multi-dimensional interventions and individualized interventions to 
improve hydration status in this at-risk population may be more effective.  Additional 
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research should be conducted to determine if there is any cognitive performance 
enhancement associated with dehydration or mild-dehydration by reassessing previous 
data and conducting future trials.  
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The IRB approved the protocol from 8/26/2016 to 8/25/2017 inclusive. Three weeks 
before 8/25/2017 you are to submit a completed Continuing Review application and 
required attachments to request continuing approval or closure.  
If continuing review approval is not granted before the expiration date of 8/25/2017 
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final, watermarked versions available under the “Documents” tab in ERA-IRB. 
In conducting this protocol you are required to follow the requirements listed in the 
INVESTIGATOR MANUAL (HRP-103). 
Sincerely, 
IRB Administrator 
cc: Kate Zemek 
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LITERATURE REVIEW 
Water as a nutrient 
Water is an 
essential macronutrient 
that is often overlooked 
and under considered. 
With over 60% of the 
body’s weight accounted 
for by water (Rothenberg 
& Panagos, 2008), the 
body’s largest component is water (Institute of Medicine, 2005).   , Proper hydration is 
essential  to maintain physiological and biochemical functions in the body since the 
human body is unable to produce the necessary amount of water ( Kleiner, 1999; 
Armstrong, 2007; Kalman & Lepeley, 2010).   Water acts as structure material, a solvent, 
a reactant, a reaction intermediary, a reaction product, a nutrient and waste carrier, a 
lubricant, and in thermoregulation  (Jéquier & Constant, 2009).  Water needs are higher 
during times of growth due to its building material function (Jéquier & Constant, 2009).  
Additionally, almost every system of the body requires adequate hydration to function 
successfully (Häussinger, 1996).  Thus, not surprisingly, research suggests hydration 
level plays a role in physical and cognitive performance (Kalman & Lepeley, 2010; Riebl 
& Davy, 2013).  
Figure 4. Water inputs and outputs (adapted from Riebl & Davy, 
2013). 
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Water Balance 
The ideal amount of normal body water content, often referred to as euhydration, 
is the balance between water output from sensible and insensible losses (see Figure 4) 
and water intake from foods and beverages  (Institute of Medicine, 2005; Rothenberg & 
Panagos, 2008).  The most effective way to manage water input and output is urine 
volume (Perrier, Armstrong, Daudon, & Kavouras, 2014). The body regulates urine 
volume via hormones antidiuretic hormone (ADH), aldosterone, and atrial natriuretic 
peptide, which counterbalance one another  (Jéquier & Constant, 2009).   
 
 
 
 
 
 Term for State Term for Process of 
Achieving State 
Deficit in total body 
water 
Hypohydration Dehydration 
Normal body water 
volume 
Euhydration Rehydration 
Excess total body water Hyperhydration Overhydration 
Table 11. Terms that define altered states and the process of 
achieving change (adapted from Horswill & Janas, 2011) 
Figure 5. Terms that define altered states and the process of 
achieving change (adapted from Horswill & Janas, 2011) 
Table 12. Defining hydration terms based on assessment measures (adapted from Bar-David et 
al., 2009; Casa et al., 2000, Oppliger & Bartok, 2002, Volpe et al., 2009, and Perrier et al., 2014) 
a % body weight change = [(pre-event -  post-event body mass)/pre-event body mass] x 100  b 
Urine specific gravity (USG) is a measure of the ratio of the density of urine to the density of 
water; c Urine Color is analyzed using a validated color chart by Armstrong et al., (2000) dUrine 
Osmolarity is a measure of the dissolved particles per unit of water. 
Term % body weight 
changea 
USGb Urine Colorc Uosmd 
Hyperhydration Unclear Unclear Unclear Unclear 
Hydrated +1 to -1 < 1.010 1 or 2  < 500 mOsmol/kg 
Mild-dehydration -1 to -3 1.010 to 1.019 3 or 4 500-800 mOsmol/kg 
Dehydration -3 to -5 1.020 to 1.029 5 or 6 801-1000 mOsmol/kg 
Severe Dehydration > -5 ≥ 1.030 ≥ 6 ≥ 1000 mOsmol/kg 
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Dehydration, or hypohydration, (see table 11) can therefore be regarded as the 
negative balance between water output and input and any negative deficit between the 
two resulting in a deficit of total body water (Armstrong, 2007; Horswill & Janas, 2011).  
Dehydration is further categorized into isotonic dehydration, hypertonic dehydration and 
hypotonic dehydration (EFSA, 2010).  Isotonic dehydration is characterized by equal 
losses of salt and water, while hypertonic dehydration is characterized by a greater loss of 
water than salt and conversely, hypotonic dehydration is marked by a greater loss of salt 
than water (EFSA, 2010).  Hyperhydration is considered any positive balance difference 
between water output and intake or excess of total body water (Armstrong, 2007; 
Horswill & Janas, 2011). Hyponatremia is a form of hyperhydration where sodium levels 
are low that is most often seen in endurance athletes (O’Brien et al., 2001).  
Symptoms of mild-to-moderate dehydration (defined in table 12) include 
headaches, fatigue, loss of appetite, heat intolerance, dizziness, thirst sensation, dark 
urine color and weakness (Armstrong, 2007; Kalman & Lepeley, 2010; Rothenberg & 
Panagos, 2008).  However, symptoms such as thirst sensation are often reported after an 
individual has a 1-2% loss of body mass from fluid deficit, which is defined as mild-
dehydration in table 12 (Riebl & Davy, 2013).  Additionally, research has shown that at a 
2% body mass deficit, statistically significant impediments on exercise, exercise 
tolerance and cognitive performance occur (Kalman & Lepeley, 2010; Kleiner, 1999; 
Riebl & Davy, 2013; Rothenberg & Panagos, 2008). Symptoms of severe dehydration 
include extreme thirst, very dry mouth, lack of sweating or urination, sunken eyes, low 
blood pressure, rapid heartbeat, fever, delirium, loss of consciousness, and fatality (Mayo 
Clinic, 2016).  Symptoms of hyperhydration are similar to those of dehydration and 
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include fatigue, lethargy, vomiting, disorientation, nausea, confusion, headache, coma 
and death (Riebl & Davy, 2013).  The symptoms of hyponatremia include headaches, 
fatigue, confusion, vomiting, lung congestion, seizures and if untreated brain swelling 
leading to death (O’Brien et al., 2001). 
Hydration status measurement  
Hydration status can be assessed by stable isotope dilution, neutron activation 
analysis, bioelectrical impedance, body mass change, plasma osmolality (Posm), plasma 
volume change, urine osmolality (Uosm), urine specific gravity (USG), urine color, 24-
hour urine volume, salivary flow rate, salivary osmolality (Sosm), and thirst perception 
(Kalman & Lepeley, 2010).  Despite the several ways to assess hydration, previous 
literature suggests there is no consensus on a “gold standard” assessment method because 
not only is the regulation of body water multifaceted and dynamic, but the setting in 
which the hydration assessment will occur often effects which method is selected 
(Armstrong, 2007; Kalman & Lepeley, 2010). Previous literature provides several 
additional reasons for why a “gold standard” is not considered possible (Kalman & 
Lepeley, 2010).  One reason is that twenty-four-hour fluid deficit varies vastly between 
sedentary individuals and trained athletes (mainly due to exercise), which would need to 
be matched based on fluid and food consumption (Kalman & Lepeley, 2010).  Secondly, 
sodium and osmolyte consumption varies based on geographical location and impacts 
water requirements and normalized values used to analyze hydration status (Kalman & 
Lepeley, 2010). Furthermore, rapid consumption of fluids can cause diluted urine despite 
a lack of cellular equilibrium and effect urine measurements (Kalman & Lepeley, 2010).  
Also, urine spot samples don’t always represent 24-h urine (Kalman & Lepeley, 2010). 
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Likewise, the stable isotope method is flawed because it assumes that the isotopes evenly 
disburse in the body but this is not known for sure (Kalman & Lepeley, 2010).  Hydration 
status can also be impacted by conditions altering glomerular filtration rates like exercise  
Table 13. Selected Characteristics of 13 Hydration Assessment Methods (adapted from 
Armstrong, 2007) adepending on the type of isotope involved (i.e. radioactive, stable, 
non-radioactive); busing a floor scale; cfreezing point depression method; eportable, hand-
held meters are available 
Hydration 
Assessment 
Technique 
Methods Body Fluids 
Involved 
Co
st  
Tim
e 
Req
uire
d 
Techni
cal 
Expert
ise 
Requir
ed 
Portabil
ity 
Potenti
al of 
Advers
e Event 
Stable isotope 
dilution 
IV or doubly 
labeled water 
All (ECF & 
ICF); blood, 
saliva or urine 
3 3 3 3 2 or 3a 
Neutron 
activation 
analysis 
Gamma rays All 3 3 3 3 2 
Bioelectrical 
impedance  
Electrical current Uncertain 2 3 2 2 1 
Body mass 
changeb 
scale All 1 1 1 1 1 
Plasma 
Osmolalityc 
Osmometer 
(freezing point 
depression or vapor 
pressure) 
ECF 3 2 3 3 2 
% plasma 
volume change 
centrifuge Blood 2 2 3 3 2 
Urine 
Osmolality 
Osmometer Excreted urine 3 2 2 2 1 
Urine specific 
gravity 
Refractometer Excreted urine 1 1 2 1 1 
Urine 
conductivity 
Electricity via 
conductivity meter 
Excreted urine 2 2 2 3d 1 
Urine color Color chart Excreted urine 1 1 1 1 1 
24-hour urine 
volume 
Urine collection 
container 
Excreted urine 1 1 1 1 1 
Salivary flow 
rate, osmolality, 
total protein 
Spit (saliva) 
collection container; 
osmometer; assay 
kit  
Whole, mixed 
saliva 
2-3  2 3 2-3 1 
Rating of thirst Thirst scale Hypothalamus 1 1 1 1 1 
Key to ratings:    1 = 
sm
all, 
littl
e 
1 = 
smal
l, 
little 
1 = 
small, 
little 
1 = 
portable 
1= low 
   2 =
mo
der
ate 
2 = 
mod
erate 
2 = 
modera
te 
2 = 
moderat
e 
 
2 = 
modera
te 
   3 = 
gre
at, 
mu
ch 
3 = 
grea
t, 
muc
h 
3 = 
great, 
much 
3 = not 
portable 
3 = 
high 
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and physical labor but they are not always controlled in studies (Kalman & Lepeley, 
2010).  Finally, some devices like bioelectrical impedance can be affected by changes in 
osmolarity and osmolality (Kalman & Lepeley, 2010).  Some of the more popular 
methods include osmolarity testing (plasma and urine), sodium testing (plasma and 
urine), USG, bioelectrical impedance spectroscopy and hematocrit levels (Kalman & 
Lepeley, 2010; Kleiner, 1999; Riebl & Davy, 2013).   Table 13 compares thirteen 
methods to assess hydration status by cost of analysis, time required, technical expertise 
needed, portability and likelihood of an adverse event on the subject (Armstrong, 2007). 
Due to the issues with spot urine samples not representing 24-hour urine, collecting all 
urine for a 24-hour period is preferred over a spot urine sample for urinary hydration 
assessments. 
As previously discussed, the lack of agreement in a “gold standard” is a result of 
the setting utilized, as each method is flawed in some (Armstrong, 2007; Baron, 
Courbebaisse, 
Lepicard, & 
Friedlander, 
2015). For 
example, 24-hour 
urine collection is 
preferred for all 
urine hydration 
assessment 
methods but it is 
Figure 5. Fluid compartments within the body (adapted from Horswill & 
Janas, 2011). 
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impractical for field assessment so spot urines are often utilized.  Total body water 
(TBW) value combined with Posm is the preferred method for laboratory settings in terms 
of hydration assessment (Armstrong, 2007).   TBW is detailed in Figure 5 and includes 
intracellular fluid (ICF) and extracellular fluid (EC) and is largely impacted by body 
composition as fat-free mass contains more water than adipose tissue (70-75% and 10-
40%, respectively) (Institute of Medicine, 2005).  However, obtaining Posm in the field is 
impractical and invasive so this method is not considered the “gold standard” for the 
field, despite its acceptance as such in the laboratory (Armstrong, 2007; Baron et al., 
2015). Furthermore, recent research has shown Posm is not an accurate marker for 
hydration due to its strict regulation and non-responsiveness to changes in water intake 
(Perrier et al., 2014; Perrier, Demazieres, Girard, & Pross, 2013).  A 5-day inpatient 
crossover trial found no difference in Posm or Sosm across high or low water intake levels 
(Perrier et al., 2013).  The same study concluded that all urinary hydration markers (USG, 
Uosm, and urine volume) responded to fluctuations in water intake (Perrier et al., 2013).  
Thus, TBW turnover may be a better marker of hydration (Perrier et al., 2014). Urine 
indices including volume, osmolarity, specific gravity and color are considered good 
markers of TBW turnover (Perrier et al., 2014).  In the crossover trial, the researchers 
collected all urine over a 24-hour period but kept it in separate containers over shorter 
intervals: morning (7 AM– 12 PM), early afternoon (12 PM – 4 PM), late afternoon (4 
PM – 8 PM), evening (8 PM – 11 PM), and overnight (11 PM – 7 AM) (Perrier et al., 
2013).  They assessed the urine separately by th`e intervals and then combined it to assess 
the 24-hour urine values.  The researchers found that overnight and morning voids tended 
to be more concentrated, not reflecting the true fluctuations of water intake and 24-hour 
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urine (Perrier et al., 2013).  Conversely, it was found that samples collected in the early to 
late afternoon better depicted 24-hour urine matching 24-hour urine assessment values 
75% and 87%, respectively.  (Perrier et al., 2013).  
Field measurements must require less technical expertise and instrumentation, 
need to be inexpensive, portable, and safe, all while maintaining reliability (Armstrong, 
2007; Baron et al., 2015).  In the field, body weight is also often used and widely 
accepted as a measure of dehydration during short periods of time (Armstrong, 2007).  
Bioelectrical impedance is also relatively easy to use, but it is affected by the skin’s 
contact with electrodes, posture, and changes in Posm and plasma sodium, which greatly 
reduce its reliability and accuracy (Jéquier & Constant, 2009).  Measurement of two or 
more urine indexes is considered appropriate for hydration assessment in the field 
(Armstrong, 2007).  USG and color should be well considered because they can be 
measured easily in the field setting (Perrier et al., 2014). USG is reliable, inexpensive, 
portable, and requires low technical skills (Baron et al., 2015).  The use of gravity test 
strips is common and useful for patient use, however refractometry is the accepted format 
of USG measurement for research (Baron et al., 2015).  Refractometry requires a small 
urine sample and a visual refractometer or refractometer pen.  Urine specific gravity 
measures the solutes in urine and is a ratio between the density of the urine compared to 
the density of water.  Finally, urine color is also regarded as a valid method for 
dehydration status due to its inexpensive and non-invasive components (Armstrong, 
2007; Baron et al., 2015; Rowat et al., 2011).  Urine color gets darker, indicating the 
urine is more concentrated, as an individual is further dehydrated.  Euhydration is 
indicated by a light straw yellow color and as color intensity increases, dehydration also 
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increases.  Again, 24-hour urine is considered the best practice for urine collection for 
research, however most previous studies have utilized a morning spot urine due to 
impracticality in the field.  As previously stated, morning spot urine samples were shown 
to be more concentrated when compared to 24-hour urine where afternoon to late 
afternoon urine samples were the closest match to 24-hour urine analysis and can thus be 
used in its place (Baron et al., 2015; Perrier et al., 2013).  
Water Intake Recommendations 
Evidence still lacks to establish an RDA for water (Institute of Medicine, 2005).  
The Adequate Intake (AI) for total water for men and women ages 19 to 30 years of age 
is 3.7L and 2.7L daily, respectively (Institute of Medicine, 2005).  However, these 
recommendations differ with those of Europe where the recommendation for men is 2.5L 
and women is 2.0L, which adds to consumer confusion (EFSA, 2010).  Total water intake 
includes water from drinking water, beverages, and food (Institute of Medicine, 2005).  
On average, based on food intake studies in the United States, 19% of total water intake 
comes from food and the remaining 81% from fluid consumption (Institute of Medicine, 
2005). The recommended consumption of drinking water is 13 and 9 cups (3 L and 2.1 L) 
of water for men and women, respectively  (Institute of Medicine, 2005).  While other 
beverages (i.e. coffee, tea, soda, milk, sports drinks, beer, wine, etc.) supply water, they 
also supply calories and it is therefore recommended that they should be consumed 
minimally due to their potential relationship to rising obesity levels (Benelam, Buttriss, & 
Finglas, 2013).  Active individuals and those living in hot climates need to compensate 
further and may need upwards of 6 L per day, as the physical activity and the 
environment increase heat stress and water loss via sweat (Rothenberg & Panagos, 2008).  
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Additionally, both children and the elderly have differing thermoregulation 
concerns compared to healthy adults and may require additional fluid intake  (Popkin, 
D’Anci, & Rosenberg, 2010). When exercising, children are at increased risk for 
dehydration and should be encouraged regularly to consume fluids (Benelam & Wyness, 
2010). Recommendations for children include 6-8 servings per day of 120-150 ml and 
250-300 ml for toddlers and older children, respectively (Benelam & Wyness, 2010). 
Elderly adults are also at increased risk for dehydration because their thirst sensitivity is 
altered and water reserves are low (Benelam & Wyness, 2010; Jéquier & Constant, 2009; 
Popkin et al., 2010).  Additionally, kidney function is diminished in older adults, so 
urinary water loss is increased (Benelam & Wyness, 2010). The AIs for the elderly are 
the same as for adults (EFSA, 2010).  
Water and Health 
In addition to its role in physiological and biological processes, while challenging 
to do (Armstrong, 2012), water intake has also been linked to several health outcomes 
including: increased weight loss (Dennis et al., 2009; Stookey, Constant, Popkin, & 
Gardner, 2008), reduced caloric intake (Van Walleghen, Orr, Gentile, & Davy, 2007) and 
increased satiety  (DellaValle, Roe, & Rolls, 2005; Lappalainen, Mennen, van Weert, & 
Mykkänen, 1993). A 12-week randomized control trial showed a 44% greater decrease in 
weight with 500ml of water pre-meal, three times daily, when combined with a 
hypocaloric diet than the hypocaloric diet alone (Dennis et al., 2009). Forty-eight weight 
stable (for 2 years) overweight or obese participants 55-75 years old were recruited for 
the participant-blinded randomized controlled trial(Dennis et al., 2009). Duel-energy X-
ray absorptiometry (DEXA) was used to measure bone mass density, percent body fat, fat 
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mass, and fat-free mass both at baseline and following the 12-week intervention(Dennis 
et al., 2009).  Participants were randomly assigned to either the hypocaloric diet group 
(n=25) or the hypocaloric diet plus water group (n=23) (Dennis et al., 2009).  The meals 
were the same for both groups.  The participants in the plus water group received 16 oz. 
(500 ml) bottles of water and were instructed to drink a full bottle of water prior to 
consuming the 3- major meals (breakfast, lunch & dinner) (Dennis et al., 2009). Over the 
course of the study, 6 participants withdrew from the study due to time constraints (2), 
loss of interest (3) and transportation problems (1) (Dennis et al., 2009). Another 
participant did not have completed post data and was not included in final analysis 
(Dennis et al., 2009). The outcome showed a 44% greater decrease in weight with 500ml 
of water pre-meal, three times daily, when combined with a hypocaloric diet than the 
hypocaloric diet alone (Dennis et al., 2009). The researchers did not utilize intent to treat 
analysis, which may have altered their findings (Dennis et al., 2009). Additionally, the 
researchers only reported no differences between groups at baseline with all 48 
participants included and it is not indicated whether baseline characteristics between the 
groups were altered when those who dropped from the study were removed (Dennis et 
al., 2009). 
 Another study utilized secondary data for 311 weight stable (for 2 months) 
overweight women aged 25-50 years from the Stanford A TO Z study to analyze the 
connections between weight change and water intake (Stookey et al., 2008).  The 
Stanford A TO Z study was a randomized controlled trail that looked at how well-known 
diets that in varied in macronutrient composition, compared in terms of efficacy (Stookey 
et al., 2008).  Participants were randomized into one of four weight loss diets: Atkins, 
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Zone, Ornish and LEARN and received in-person class training for 2 months on their diet 
(Stookey et al., 2008).  Although they varied on the actual amount, three of the diets 
(Atkins, Zone and LEARN) gave fluid intake recommendations (Stookey et al., 2008).  
At baseline, 2, 6, and 12 months the original study collected 3 unannounced 24-h diet 
recalls, the Stanford 7-day Physical Activity Recall, and body composition via DEXA 
(Stookey et al., 2008).  All beverages, including water, consumed during the first study 
were coded individually in the diet record so the secondary data had a full record of their 
fluid intake (Stookey et al., 2008).  The beverages were then categorized into one of 5 
groups of beverages: food, water, sweetened caloric, unsweetened caloric or non-caloric 
(non-water) (Stookey et al., 2008).  On average, participants reported drinking <1 liter of 
beverages per day at baseline, which is below the RDA and more than half (51%) 
reported drinking at least one sweetened caloric beverage per day (Institute of Medicine, 
2005; Stookey et al., 2008).  The researchers found that at the 2 months (immediately 
following the completion of diet classes), water consumption increased significantly for 
all diets and for Atkins, Zone and LEARN the increase remained significant at 6 and 12 
months (Stookey et al., 2008).  However, they determined that the overall total beverage 
intake did not increase significantly; instead water replaced caloric beverages in their 
diets (Stookey et al., 2008).  The average body weight change across all diets was 
significant (-3 kg) at 2 months and at 12 months it remained the same (Stookey et al., 
2008).  The researchers concluded that weight loss and body fat reductions were 
associated with an increase in water consumption independent of covariates (Stookey et 
al., 2008).   
Evidence hints that chronic mild dehydration is associated with added risk for 
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hypertension, stroke, coronary heart disease, urinary tract infections and constipation 
(Manz & Wentz, 2005).  For example, a randomized controlled study of 108 children 
aged 2 to 12 y sought to understand if stool characteristics would change with increased 
liquid consumption (Young, Beerman, & Vanderhoof, 1998).  Participants were 
randomized into one of three study arms: control group, increased water intake group, 
and increased hyperosmolar liquid group (Young et al., 1998).  Stool frequency, 
consistency, and difficulty to pass were assessed as dependent measures (Young et al., 
1998).  The study excluded children that had underwent puberty due to eliminate the 
variable of hormonal changes seen in the gut post-puberty (Young et al., 1998).  A 3-day 
diet record was completed at baseline.  Participants in the increased water group were 
told to increase water consumption by 50%.  Participants in the hyperosmolar group were 
given fluids that contained greater than 600 mOsm/L, which is a significant osmotic load 
(Young et al., 1998). The study found no significant results but it did show non-
significant increases in stool frequency in both the increased water and hyperosmolar 
groups compared to the control group (Young et al., 1998).  The study did not control 
diet and when the participants’ diets were analyzed, the mean percent toward the RDA 
for Calories (85.6%), carbohydrates (94.1%), fat (93.0%), iron (11.0%), calcium (99.0%), 
and fiber (3.2g) were below the RDA, while the mean percent toward the RDA for 
protein was 220.0%, which is well above the RDA (Young et al., 1998).  High protein 
intake increases water needs and could be why significant outcomes were not observed.  
However, additional research is needed in this area to solidify a relationship between 
water intake and constipation.  
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Mild dehydration may also be pathogenic in cases of prolonged labor, cystic 
fibrosis, hypertonic hydration, exercise asthma, and renal toxicity (Manz, 2007). Finally, 
urolithiasis (kidney stones), treatment of urinary tract infections, dental disease, 
hyperosmolar hyperglycemic disorder, gallstone disease, mitral valve prolapse and 
glaucoma have all shown to be positively influenced when adequate hydration status has 
been maintained(Armstrong, 2012; Manz, 2007). Further research is needed in all areas 
of hydration and disease with emphasis on randomized controlled trials where possible, 
because these diseases are multidimensional and a deeper understanding of hydration’s 
role is needed before overall impact on risk can be assessed and recommendations for 
prevention and treatment can be made (Benelam & Wyness, 2010). 
Hydration in elderly and students 
Most hydration assessment research is available on athletes and fewer studies 
assess hydration in the elderly and students (both grade-school and college aged). One 
study found no significant difference between water consumption, urine output, total 
water output, and hydration status of healthy younger adults (23-46 y) and older adults 
(63-81 y) (Bossingham, Carnell, & Campbell, 2005).  Urine specific gravity for younger 
adult males (n=11) was 1.013 ± 0.003 compared to 1.010 ± 0.003 for older adult males 
(n=10) (Bossingham, Carnell, & Campbell, 2005).  Urine specific gravity for younger 
adult females (n=14) was 1.009 ± 0.003 compared to 1.007 ± 0.001 for older adult 
females (n=11) (Bossingham, Carnell, & Campbell, 2005).  It is not clearly understood 
how widespread dehydration is among older adults (Benelam & Wyness, 2010).  One 
retrospective study of 185 adults aged ³ 75 years old (83 ± 5.2) found 48% (n=89) of 
elderly admitted to a hospital during June 2000 were dehydrated (Bennett, Thomas, & 
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Riegel, 2004).  The study used a clinical assessment, blood urea nitrogen to creatinine 
(BUN:Cr) ratio and defined a >20:1 ratio, to indicate dehydration (Bennett et al., 2004).  
The researchers used this method because of the altered kidney function seen in older 
adults with the inability to concentrate urine, so urine assessment is not a good method of 
dehydration assessment in elderly adults compared to its use in younger adults and it was 
a method to eliminate those with kidney failure (Bennett et al., 2004).  Of note, 
regression analysis showed that women were less likely (0.37x; p=0.01) to be dehydrated 
compared to men and that individuals who were disoriented to person, place or time were 
5.07x (p=0.04) more likely to be dehydrated than their alert counterparts  (Bennett et al., 
2004).  Finally, they also found that those living in residential facilities had a higher rate 
of dehydration (65%) than those living on their own (44%)  (Bennett et al., 2004).  
Another study found 31% of those in a long-term care facility were dehydrated (Mentes, 
Wakefield, & Culp, 2006).   
Ninety-eight participants from 7 long term care (LTC) facilities were recruited for 
the quasi-experimental cohort study and were placed in either the treatment (hydration 
management) group (n=53) or control group (n=45) (Mentes et al., 2006).  The hydration 
management group had their individual hydration goal calculated using the formula 100 
ml/kg for the first 10 kg of body weight, 50 ml/kg for the next 10 kg of body weight, and 
15 ml/kg for any remaining body weight (Mentes et al., 2006).  They also received 180 
ml at each medication time, were offered more beverages from their caregivers, were 
given fluids based on their likes and dislikes, and social activites where they were 
encouraged to consume fluids were arranged (Mentes et al., 2006).  Like Bennet et al 
(2004), the researchers excluded those with kidney failure (Mentes et al., 2006), and 
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randomization was at the facility level instead of participant level  (Mentes et al., 2006). 
Urine analysis (color and USG) was conducted along with TBW (via bioelectrical 
impedance) to assess hydration (Mentes et al., 2006).  The Mini Mental Status 
Examination (MMSE) and the NEECHAM confusion scale were used to assess acute 
confusion.   The study was conducted for 8 weeks.  Fluid intake recommendations were 
calculated for individually for each participant and based on the formula of 100 ml/kg for 
the first 10 kg of body weight, 50 ml/kg for the next 10 kg of weight, and 15 ml/kg for 
any remaining body weight (Mentes et al., 2006).  Those in the control group received 
only the standard of care while those in the treatment group received assistance from the 
research staff to meet their goal. The only fluids not counted toward the recommendation 
were caffeinated and alcoholic fluids (Mentes et al., 2006).  Most of the fluids (75%) 
were given with meals and the remaining fluids (25%) were given between meals 
(Mentes et al., 2006).  At the study completion, no significant differences were noted for 
acute confusion between groups (Mentes et al., 2006).  The study had several 
weaknesses.  First, BUN, which is a better method of hydration in older adults, was only 
used to screen participants, was not measured after the treatment and was significantly 
different at baseline (p=0.02) between the treatment group (21.70 ± 9.84) and control 
group (17.89 ± 6.45) (Mentes et al., 2006).  The researchers argued that the difference in 
BUN gave bias to the null hypothesis suggesting this made finding a significant 
difference with the intervention harder because it had to overcome this initial difference 
(Mentes et al., 2006).  However, BUN was not the assessment method used to assess 
hydration status in the study so it is unknown if BUN improved in either group (Mentes 
et al., 2006).  Additionally, USG and BUN measurements are different and when it is 
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considered that older adults have issues with concentrating urine, this statement is a reach 
since USG was used (Mentes et al., 2006).  Furthermore, the observed USG gravity 
differences between groups could potentially be explained by the difference in BUN at 
baseline indicating that the treatment group was unable to concentrate urine compared to 
the control group (Mentes et al., 2006). 
Bossignham et al. (2005) conducted a controlled feeding study to assess the 
protein intake requirements in adults and measured water input, output and balance. 
Forty-eight healthy participants free of chronic diseases completed the study and were 
evaluated based on age and gender with older adults being characterized as those 
participants who were ³ 70 years old (Bossingham et al., 2005).  Participants completed 3 
different controlled diets with differing macronutrient content for 18-days each followed 
by a 1-week wash period (Bossingham et al., 2005).  The participants were separated into 
4 groups for analysis: young men (n=11), young women (n=14), older men (n=10), and 
older women (n=11).  Hydration was assessed using a 24-hour USG reading and a fasted-
state Posm (Bossingham et al., 2005).  The study did find that USG was significantly 
higher in the men compared to the women (p<0.001), however there was no significant 
difference for age (Bossingham et al., 2005).  When compared, these studies might 
suggest that older adults in poor health may have the greatest risk of dehydration 
compared to their healthy counterparts because the studies that found significant 
differences included individuals of all health statuses with chronic diseases, 
hospitalization and mobility issues while Bossignham et al. (2005), eliminated those who 
had chronic diseases and saw no significant differences (Benelam & Wyness, 2010).   
A study looked at voluntary dehydration in children aged 8-10 years in Israel 
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(Bar-David et al., 2009).  Hydration status was assessed in 429 participants using a 
noontime spot urine sample, and a Uosm of <500 mOsmol/kg H2O was considered 
euhydrated (Bar-David et al., 2009).  Researchers found 67.5% of urine samples were 
>800 mOsmol/kg H2O and 25% were >1000 mOsmol/kg H2O, indicating many students 
were dehydrated (Bar-David et al., 2009).  The researchers recommended educational 
interventions in this population given that they resided in a hot and arid environment 
(Bar-David et al., 2009).   
 Another study used the National Health and Nutrition Examination Survey 
(NHANES) data from 2009 to 2012 to look at hydration among 4134 US children and 
any potential disparities based on gender or race/ethnicity (Kenney, Long, Cradock, & 
Gortmaker, 2015).  The study used spot urine samples varying in time of day to assess 
hydration status in the population with a score >800 mOsmol/kg H2O being considered 
dehydrated (Kenney et al., 2015).  Researchers found 54.5% of the participants were 
considered dehydrated, and significantly higher Uosm was seen in boys (799.1 ± 9.9 
mOsm/kg), non-Hispanic Blacks (807.2 ± 12.0 mOsm/kg) and younger children (6-11 y; 
775.2 ± 10.3 mOsm/kg) compared with girls (707.0 ± 9.1 mOsm/kg), non-Hispanic 
Whites (735.3 ± 12.4 mOsm/kg) and older children (12-19 y; 740.7 ± 8.3 mOsm/kg), 
respectively (Kenney et al., 2015).  Additionally, two groups, boys and non-Hispanic 
Blacks, had a higher risk for dehydration (Kenney et al., 2015).   
Undergraduate and graduate students aged 18-40 years with a BMI of 18.5-35 
kg/m2 were recruited for a study to assess hydration status at a large Southwestern 
university (Zemek & Johnston, 2016).  Sixty participants were recruited for the study.  
Participants provided a spot urine sample in the early afternoon - afternoon hours (1 PM 
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– 7 PM) that was analyzed for color and USG.  Eighteen of the students assessed were 
dehydrated (30%) using a score ³4 on the color chart and twenty-two (37%) using ³1.020 
USG (Zemek & Johnston, 2016).  An additional ten (17%) showed signs of dehydration 
using a score ³3 on the color chart and eighteen (30%) using USG ³1.010 (Zemek & 
Johnston, 2016).  Additionally, the urine specific gravity measure and urine color chart 
categorization were highly correlated (r=0.875, p<.001) (Zemek & Johnston, 2016).  The 
researchers concluded that potentially 47-67% of students assessed could benefit from 
increased fluid consumption, thus giving need to an intervention study in this population 
Hydration in athletes 
The effects of dehydration on exercise performance and thermoregulation are 
widely accepted in the field (Murray, 2007; Sawka et al., 2001).  Hydration status has 
also been shown to affect cardiovascular function, which is necessary for physical 
activity (Rochette & Patterson, 2005).  Studies have had inconsistent results on the 
effects of dehydration on strength, power and high-intensity endurance activities 
(Judelson, Maresh, Anderson, & Armstrong, 2007).  Because of this observation, 
Judelson et al. (2007) reassessed several previous studies examining the methodological 
factors  to determine if more consistent results could be obtained for the effects of 
dehydration on strength, power and high-intensity endurance activities (Judelson et al., 
2007).  The study evaluated previous studies of athletes who experienced water 
deprivation that was exercise-induced, heat-induced, sauna-induced or a combination of 
any two or more.  Hydration assessment utilized the standard body mass change to define 
dehydration (Judelson et al., 2007).  After adjusting for dehydration cause, it was 
determined that dehydration repeatedly lessened strength by approximately 2%, power by 
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approximately 3% and high-intensity endurance by approximately 10% (Judelson et al., 
2007).   
It is also well documented that athletes are frequently dehydrated prior to the start 
of practice or competition and thus have issues maintaining adequate hydration 
(Bergeron, McLeod, & Coyle, 2007; Decher et al., 2008; Kavouras et al., 2012; Kutlu & 
Guler, 2006; Logan-Sprenger & Palmer, 2011; Palmer & Spriet, 2008; Stover, Zachwieja, 
Stofan, & Murray, 2006; Volpe, Poule, & Bland, 2009; Yeargin et al., 2010). It is also 
well established that dehydration based on ≥5% body weight loss impairs exercise 
performance and VO2max in athletes (Goulet et al., 2010) and that dehydration ≥2% body 
weight adversely affects mood (Benton & Young, 2015).  It has been suggested that a 
dehydration level of 3-5% of body weight loss parallels a USG reading of 1.021-1.030 
(Casa, Armstrong, & Hillman, 2000).  Additionally, athletes who participate in sports 
(i.e. wrestling, judo, rowing, etc.) that require a weigh-in prior to the event, will 
purposely dehydrate themselves to do so and they may not be able to adequately 
rehydrate before their competition (Thomas, Erdman, & Burke, 2016).  
Forty heat-acclimated hockey players were recruited for a study to evaluate 
hydration status. The players were adolescents aged 12.3 ± 0.5 years (Chia & Mukherjee, 
2012).  Urine was collected prior to and after competition (Chia & Mukherjee, 2012).  
Additionally, subjects were weighed to determine any changes in body weight (Chia & 
Mukherjee, 2012).  The study found that 39 players (97.5%) had signs of some type of 
dehydration (USG ³ 1.010) prior to competition  (Chia & Mukherjee, 2012).  A 
significant change in USG and body mass after the competition was also seen (Chia & 
Mukherjee, 2012).  Body mass was reduced 3.25% and post-event USG was 1.022 ± 
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0.006 (Chia & Mukherjee, 2012).   
Turkish male soccer players (n=26; 15 ± 1.2 years) were recruited for a hydration 
assessment study (Ersoy, Ersoy, & Kutlu, 2016).  USG was measured from the first void 
in morning by three modalities: 1) refractometry, 2) urine strip and 3) urine analysis 
microscopy  (Ersoy et al, 2016). Body weight was also measured pre- and post- practice 
to determine fluid loss (Ersoy et al, 2016).  Water consumption during practice was 
measured by weighing assigned water bottles before and after practice (Ersoy et al, 
2016).  The study found that the urine methods were highly correlated (p<0.05).  
Furthermore, the study found that the average USG obtained for all 3 methods 
(refractometry, urine strip and microscopy) was >1.020 indicating dehydration (Ersoy et 
al, 2016).    
Another study on male soccer players recruited 14 players aged 16.9 ± 0.8 years 
(Phillips, Sykes, & Gibson, 2014).  The participants collected their first morning spot 
urine and brought it to the researchers to assess via USG (Phillips et al., 2014).  Fluid 
consumption was individually monitored during the training sessions (Phillips et al., 
2014).  Most of the participants were dehydrated prior to the training sessions (Phillips et 
al., 2014).  Although no measurements of performance were taken in the study, the study 
found that the training sessions did not cause additional deficits in dehydration and that 
there was not a cumulative effect over consecutive training days (Phillips et al., 2014).  
The study also found that the participants replaced through fluid intake about 71% of 
fluids lost through sweat (Phillips et al., 2014).  However, the study used the first spot of 
the morning, which is known to be concentrated and likely did not reflect 24-hour USG 
(Phillips et al., 2014; Perrier et al., 2013).   
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A study of 12 NCAA Division 1 wrestlers was conducted to identify any potential 
effects of the wrestling season on body weight, hydration and muscular performance 
(Buford, Rossi, Smith, O’Brien, & Pickering, 2006).  Measurements were taken mid-
season and 3-weeks post season (Buford et al., 2006).  While the study showed no 
significant effect of the wrestling season on hydration status, the mid-season USG 
hydration assessment (1.024 ± 0.0015 g) and post season USG (1.022 ± 0.0024) are 
>1.020 indicating dehydration among the athletes (Buford et al., 2006).  Muscular 
performance was measured using peak torque (via knee extensions on dominant leg) and 
did show a significant increase in peak torque (p<0.001) and peak torque to body weight 
ratio (p<0.01) (Buford et al., 2006).  However, variables were not compared to one 
another so it was not measured if hydration status at a given point impacted peak torque 
(Buford et al., 2006).   
A study that assessed pre-practice hydration status of NCAA Division I athletes 
found that 66% of National Collegiate Athletic Association (NCAA) division I athletes 
were dehydrated prior to practice (Volpe et al., 2009). In total, 263 athletes aged 18-23 
years were recruited for the cross-sectional study from 23 different teams (Volpe et al., 
2009).  Urine was collected about 1 hour prior to practice but practice times ranged 
throughout the day with most beginning around 4:00 pm (Volpe et al., 2009).  Volpe et al 
(2009) grouped the participants into three groups based upon their USG reading: 1) 
euhydrated (USG <1.020) 2) dehydrated (USG = 1.020-1.029) and 3) significantly 
dehydrated (USG ³ 1.030).  The study also found that more male athletes were 
dehydrated (47%) compared to women (23%) (Volpe et al., 2009).  A similar assessment 
study was conducted in National Basketball Association (NBA) players prior to 
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competition (Osterberg, Horswill, & Baker, 2009).  Twenty-nine NBA players, 
representing 5 teams, were recruited for a blinded, cross-sectional study (Osterberg et al., 
2009).  Fifty-two percent of the athletes (n=15) had pregame USG > 1.020 (Osterberg et 
al., 2009).   
An intervention study to improve hydration status in athletic youth with a mean 
age of 13.8 ± 0.4 years was conducted (Kavouras et al., 2012).  Ninety-two subjects 
participated in the study during two separate 5-day camps (Kavouras et al., 2012).  Data 
were collected on separate weeks on two groups of students the first week students 
(n=31) were placed in the control group, and the second week participants (n=61) were 
assigned to the intervention group (Kavouras et al., 2012).  Both groups had free access 
to fluids throughout the study, urine color charts were posted throughout bathrooms, 
water accessibility was improved and weighing pre- and post-practice with no 
instructions was provided on select days (Kavouras et al., 2012).  The intervention group 
received a 1-hr lecture on the importance of hydration and instructions for achieving 
euhydration (Kavouras et al., 2012).  Participants were either volleyball or basketball 
players (Kavouras et al., 2012).  Skills testing was done on the 2nd and 4th days with all 
players doing sprints, and basketball players shooting 5 consecutive free-throws (score = 
number of shots made) and volleyball players serving 5 consecutive times with the goal 
of reaching a target on the opposite court (score = number of targets hit) (Kavouras et al., 
2012).  Despite being different students, most of the participants in the control and 
intervention groups had a day 2 USG >1.020 (96.7% and 91.7%, respectively) indication 
dehydration.  On day 4 USG > 1.020 was 96.7% and 66.1% for the control and 
intervention groups, respectively (Kavouras et al., 2012).  The intervention decreased the 
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number of participants that were dehydrated and significantly impacted USG (p = 0.003) 
and Uosm (dehydrated = Uosm > 700 mOsmol/kg, p = 0.005) in the intervention group 
(Kavouras et al., 2012).  Skills testing did not show significant results (p>0.05) 
(Kavouras et al., 2012).   
Another study sought to assess pre-practice hydration status and understand the 
effects of hydration regimen on hydration status (Magal, Cain, Long, & Thomas, 2015).  
Fifty-six collegiate athletes playing at the NCAA Division III level were recruited for the 
intervention trial (Magal et al., 2015).  Hydration status was assessed via USG at 
baseline, pre-intervention and post-intervention (Magal et al., 2015).  USG values at 
baseline were utilized to match participants into either the control or experimental group 
(Magal et al., 2015).  The control group was instructed to maintain their normal diet and 
fluid intake while those receiving the intervention were instructed to consume an 
additional 25.9 fluid ounces per day (16.9 fluid ounces and 8 fluid ounces during the day 
and evening, respectively) for 7 consecutive days (Magal et al., 2015).  All participants 
were asked to track their fluid intake (Magal et al., 2015).  In line with other findings, the 
researchers found that most participants were dehydrated at baseline (75%) (Magal et al., 
2015).  The intervention aspect of the study found no significant time or treatment effects 
for USG and body mass (Magal et al., 2015).  However, they did find a significant 
improvement in USG for the experimental group where the control group did not 
improve significantly (Magal et al., 2015).   
Furthermore, heat stroke is a major issue for all athletes and is ranked as the 3rd 
highest cause of death in athletes (Howe & Boden, 2007; Lee-Chiong & Stitt, 1995).  Per 
Howe & Boden (2007), dehydration is a key risk factor to heat-related illness prevention.  
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Kalman & Lepeley (2010) proposed, but did not test, that increasing education around 
dehydration may be the key component to improving hydration status in athletes. 
Additionally, they also proposed that ample fluid station accessibility and availability to 
athletes may also improve hydration status in athletes (Kalman & Lepeley, 2010).  
Despite these proposed ways to effect hydration status in athletes, few studies, and 
particularly intervention trials, exist in the athletic population or in the collegiate athlete 
population.  Although several intervention trials have reported concerns, including 
cognitive impacts, dehydration remains one of the leading problems in athletes today.  
Therefore, there is great need for an optimized intervention on maintaining adequate 
hydration status in this population.  
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Cognitive function assessment  
Cognitive function testing is conducted by testing various cognitive abilities.  The 
most popular and widely accepted theory of intelligence is the Cattell-Horn-Carroll 
(CHC) theory 
of intelligence, 
developed by 
Raymond 
Cattell, John 
Horn and John 
Carroll 
(Flanagan, 
2013).  CHC is 
a factor-
analysis based 
categorization 
of broad and 
narrow 
cognitive 
abilities 
(Flanagan, 
2013).  CHC 
proposes that 
intelligence is the product of nearly 100 abilities working together in a multidimensional 
Figure 6. Cattell-Horn-Carroll Broad Abilities. Red: Reasoning; Blue: 
Acquired Knowledge; Orange: Memory and Efficiency; Green: Sensory; 
Yellow: Motor; Purple: Speed and Efficiency (adapted from Schneider & 
Newman, 2015 and Flanagan, 2013) 
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manner (Schneider & Newman, 2015).  It consists of 16 broad factors (see Figure 6) and 
over 70 narrow factors, which are widely used among cognitive tests (Flanagan, 2013; 
Schneider & Newman, 2015).  The broad factors can be grouped into 6 categories 
(depicted in Figure 6 by varying color shading): reasoning, acquired knowledge, memory 
and efficiency, sensory, motor and speed, and efficiency (Flanagan, 2013).  CHC has 
been used to interpret cognitive performance, classify intelligence and achievement 
batteries, guide assessments in those with learning disabilities, and predict employee 
performance (Flanagan, 2013; Schneider & Newman, 2015).  Finally, while executive 
functioning is not in the CHC model, it is suggested that it is an expansive and varied set 
of processes that affect adaptive performances (Floyd, Bergeron, Hamilton, & Parra, 
2010).  
The number of cognitive assessments available for professional and research use 
are vast and varied (Spreen & Strauss, 1998; Strauss, Sherman, & Spreen, 2006).  Strauss 
et al. (2006) suggest that selection of tests should be based on knowledge of the literature 
and the appropriateness of the test for the unique setting, circumstances and purpose.  
One should also consider the feasibility of administering tests and skills needed to 
administer the test(s) (Strauss et al., 2006).  Additionally, it is suggested that well-
standardized tests be utilized to minimize variance (Strauss et al., 2006).  Strauss et al. 
(2006) recommends beginning with a battery assessment (designed to test various 
abilities) to test initial hypotheses and alternative hypotheses and then following up in 
more detail using a test specialized for that condition.  Table 14 describes the broad 
cognitive abilities that may of interest to athletic performance and provides 1-2 example 
assessment methods for each but is not inclusive of all assessment methods.   
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Table 14. Cognitive abilities potentially related to athletic performance and example 
assessment methods.  Major components adapted from Carroll, 1993, Hoelzle, 2008; 
Schneider & Newman, 2015; and Strauss et al., 2006.  
Cognitive ability Major Components Example 
Assessment 
Short-term Memory 
(Gsm) (Working 
Memory) 
Ability to hold information for use 
within a few seconds 
Digit Span 
Long-term Storage & 
Retrieval (Glr) 
How previous information is stored 
and retrieved from long-term 
memory in terms of efficiency 
Stroop Color-Word 
Test (SCWT) 
Processing Speed (Gs) Requires attention and 
concentration to perform repeated 
tasks quickly 
Trail-Making Tests 
(TMT) A & B; 
SCWT 
Visual Spatial-Processing 
(Gv) 
Ability to solve problems using 
mental imagery 
SCWT 
Reaction & Decision 
Speed (Gf) 
Swiftness in reacting and making 
decisions when items are presented 
one at a time 
Ruler Drop Test; 
SCWT 
Kinesthetic Processing 
(Gk) 
Ability to sense and process 
information in proprioceptive 
sensations 
Not yet widely 
investigated 
Psychomotor Abilities 
(Gp) 
Ability to perform body 
movements with exactness, 
strength, and coordination 
Grip Strength  
Psychomotor Speed 
(Gps) 
How body movements can be made 
related to their speed and flexibility 
to change 
Finger-Tapping Test  
 
Digit Span tests are typically a component of a battery assessment (Strauss et al., 
2006).  In a Digit Span task, the subject is given a string of numbers to repeat ().  The 
length of the digit string increases each time until the participant makes a mistake.  The 
participant can be told to repeat the string in forward or reverse (backwards) order .  The 
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number of digits in the final correct string the participant repeats is recorded as the score 
(Strauss et al., 2006).   
The ruler drop test is a practical test for cognitive measurement (Eckner et al., 
2015; Riebl & Davy, 2013).  The participant stretches out their arm and hand and the  
ruler is held vertically over their 
thumb (Riebl & Davy, 2013).  
The ruler is then dropped 
without any notice to the 
participant (Riebl & Davy, 
2013).  The ruler drop test 
outcome measure is reaction time, which is measured using the distance the ruler moves 
before the subject grasps it (Eckner et al., 2015; Riebl & Davy, 2013).  The distance can 
be interpreted using the values in Table 15.  
Grip Strength is assessed using a dynamometer.  It can be used to assess motor 
function (Strauss et al., 2006).  The participant should stand with their arm at their side 
and away from their body (Strauss et al., 2006).  The size of the dynamometer should be 
adjusted to fit the participant’s hand (Strauss et al., 2006).  The participant holds the 
dynamometer in their palm and squeezes the device with their fingers as hard as they can 
(Strauss et al., 2006).  The device records the strength (Strauss et al., 2006).  The test is 
done on each hand and then repeated until two measurements for each hand within 5 
kilograms are recorded (Strauss et al., 2006).  Those scores are logged and the mean for 
each hand is calculated and used as the score (Strauss et al., 2006).   
Ruler Drop Test Scores 
Excellent <7.5 cm 
Above Average 7.5-15.9 cm 
Average 15.9-20.4 cm  
Below Average 20.4-28 cm 
Poor >28 cm 
Table 15. Ruler Drop Test Scoring. Created from 
data reported in Riebl & Devy, 2013 
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Finger-Tapping Task (FTT) measures self-directed motor speed (Strauss et al., 
2006).  A finger tapping device is required to conduct the FTT (Strauss et al., 2006).  The 
participant is instructed to tap as fast as they can for 10 seconds, using their index finger 
on their dominant hand (Strauss et al., 2006).  The participant’s hand faces palm down 
and only the index finger may move (Strauss et al., 2006).  The participant then repeats 
the test on their non-dominant hand for comparison (Strauss et al., 2006).  The test is 
repeated on each hand until 5 trials for each hand within a 5-point range (fastest to 
slowest) are obtained (Strauss et al., 2006).  The score is calculated separately for each 
hand and is the mean between the 5 trials (Strauss et al., 2006).   
The Trail Making Tests A and B (TMT) measures attention, speed and mental 
flexibility   (Strauss et al., 2006; Riebl & Davy, 2013; Tombaugh, 2004; Hoelzle, 2008).  
It has also been associated specifically with the narrow ability flexibility of closure, often 
referred to as cognitive flexibility, that falls under the broad ability of processing speed 
(Hoelzle, 2008).  The outcome measure is the time it takes to complete each test (Riebl & 
Davy, 2013; Tombaugh, 2004).  In both parts participants complete a shortened practice 
test and connect 25 circles on a normal sheet of paper as fast as they can for the actual 
test (Strauss et al., 2006; Tombaugh, 2004). In part A of the test, participants connect 25 
numbers in numerical order (Strauss et al., 2006; Tombaugh, 2004). In TMT B, 
participants alternate between connecting a number (1 to 13) and a letter (A to L) in 
numerical and alphabetical order, respectively (1, A, 2, B…) (Strauss et al., 2006; Riebl 
& Davy, 2013; Tombaugh, 2004).  Scores to part A and B can be recorded as a ratio 
(B/A) or a difference (B-A) to allow comparison between the two parts, often called an 
interference score (Tombaugh, 2004). 
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 18-24 years 25-34 years 
Percentile Trail A  Trail B Trail A Trail B 
90 16 35 14 33 
80 17 38 17 38 
70 19 41 19 45 
60 20 44 21 48 
50 22 47 23 50 
40 23 49 25 53 
30 25 54 27 58 
20 27 61 33 63 
10 31 66 40 67 
Table 16. TMT A and B Normative data for those aged 18-24 and 25-34 given in seconds 
adapted from Tombaugh, 2004. 
In a study of 121 veterans, it was suggested that TMT B measures cognitive 
flexibility  (Kortte, Horner, & Windham, 2002).  In a different study of 34 participants, it 
was suggested that TMT B measures cognitive control to task switch (cognitive 
flexibility) and executive function (Arbuthnott & Frank, 2000).  Another study looked at 
497 TMT A & B tests administered to in- and out-patients in an acute rehabilitation 
hospital over 5-years, and found that the difference score was highly correlated with 
intelligence, and correlated to age, education and memory functioning (Corrigan & 
Hinkeldey, 1987).  An fMRI study with a stylus to imitate the paper version of the TMT 
was conducted with 12 participants and found support that the TMT stimulates the frontal 
lobe and left-hemisphere of the brain, which are the areas of the brain tied to executive 
function and cognitive flexibility (Zakzanis, Mraz, & Graham, 2005).  A study of 3665 
participants compared scores on the TMT A and B connections version to other validated 
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cognitive tests and found the TMT test results expose individual differences in speed and 
fluid cognitive abilities(Salthouse, 2011).  Normative data for the TMT A and B has been 
established but it is complex and varies based on age (Tombaugh, 2004).  For age 
groupings above 55 years, the normative data is further separated by education (<12 years 
and ³12 years) (Tombaugh, 2004). Normative data for those aged 18-24 and 25-34 is 
presented in table 16.  
Finally, the Stroop Color-Word Test (SCWT) measures interference, mental 
flexibility and attention (MacLeod, 1991).  There are various ways to score the SCWT 
test but the overall test itself is quite standard (MacLeod, 1991).  Subjects are asked to 
read from three 8 ½ x 11 inch cards with 100 items each (Strauss et al., 2006).  The first 
card has color words (red, green, & blue) printed in black ink(Comalli et al., 1962; 
Strauss et al., 2006).  The second card consists of rows of Xs (xxxx) printed in color ink 
(Comalli et al., 1962).  The final card has both color words and is printed in color but the 
words and color ink does not match (incongruent) for any of the items (Comalli et al., 
1962).  Participants read aloud from the cards and are either timed for completion of the 
card (all 100 items) or are given a set time (45 seconds) and the number of words read 
aloud during the allotted time is used as the score (Comalli et al., 1962; Golden & 
Freshwater, 2002).  The difference between the sets is considered the interference score  
(MacLeod, 1991).  SCWT scores are interpreted using a t-score that considers education, 
age and a predicted score based on education and age (Golden & Freshwater, 2002). The 
instruction manual for administering the SCWT contains charts that can be utilized to 
obtain the t-score (Golden & Freshwater, 2002). The mean t-score is 50±10, with higher 
t-scores indicating better performance (Golden & Freshwater, 2002).  
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Hydration and cognition 
The relationship between cognitive function and hydration status is an emerging 
field and the evidence that a relationship exists between cognitive performance and 
dehydration, particularly mild-dehydration, is not firmly established (Adan, 2012).  
Almost every study that has been conducted to look at the effects of hydration on 
cognitive performance has utilized different cognitive assessments (Adan, 2012).  Adan 
(2012) suggested that both hydration and cognitive assessment methods be standardized 
to allow direct comparisons between studies and increase support for the relationship 
between hydration status and cognitive performance.  Based upon a review of the current 
literature, Adan (2012) concluded that executive-function, working memory and long-
term memory are less affected by dehydration and that tasks requiring attention span, 
short-term memory and psychomotor skills are most negatively affected by dehydration 
exceeding 2% body weight loss.  
A study conducted in school-aged children assessed memory and found memory 
was significantly better (p<0.03) when water was consumed by the students than on the 
day that it was not (Benton & Burgess, 2009). Forty 8-year old children residing in the 
UK were recruited for a crossover study (Benton & Burgess, 2009).  The children served 
as their own control and were randomized equally into the two study conditions 1) water 
or 2) no water, and completed the other condition on consecutive days (Benton & 
Burgess, 2009).  When the participants received the water (300 ml), it was received in the 
afternoon 25-35 minutes prior to cognitive testing (Benton & Burgess, 2009).  Cognitive 
tests to assess memory and attention included the Recall of Objects Test and the  
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paradigm of Shakow, and were completed by the participants on both days (Benton & 
Burgess, 2009).   
Another study in school-aged children found that mild dehydration, defined by a 
thirst perception scale, negatively altered concentration, alertness and short-term memory 
(Edmonds & Burford, 2009).  Fifty-eight students with a mean age of 8 years 7 months 
participated in the study (Edmonds & Burford, 2009).  All the children went to the same 
school and were randomly assigned to either the additional water or no additional water 
groups (Edmonds & Burford, 2009).  A thirst scale was used to assess hydration in the 
students (Edmonds & Burford, 2009).  Memory was assessed using a story memory test, 
letter cancellation task, spot the difference task (easy and hard), and visuomotor tracking 
task (Edmonds & Burford, 2009).  The children that received the additional water were 
given a 250-ml bottle of water 20 minutes prior to testing and encouraged to drink as 
much as possible (Edmonds & Burford, 2009).  Any remaining water was notated 
(Edmonds & Burford, 2009).  Children in the additional water group were significantly 
less thirsty than those in the other group (Edmonds & Burford, 2009).  The students in the 
additional water group did better (32.44 ± 4.55) on the letter cancellation task (max score 
= 38) compared to the control group (29.27 ± 5.9; p = 0.028) and both the easy (2.41 ± 
0.8 compared to 1.8 ± 1.06; p = 0.019) and hard (4.73 ± 1.49 compared to 3.83 ± 1.05; p 
= 0.014) spot the difference tasks (Edmonds & Burford, 2009).  Students in the 
experimental group performed better on visual attention (p=0.02) and memory tasks 
(p=0.019 & 0.014) (Edmonds & Burford, 2009).  The children in the experimental group 
drank between 57 ml and 250 ml of additional water (Edmonds & Burford, 2009).   
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A more recent intervention on school-aged children showed improve cognitive 
performance with water intake (Fadda et al., 2012).  One hundred and sixty-eight school 
aged children (10.2 ± 4.38 years) (Fadda et al., 2012).  Randomization was done at the 
classroom level into either a supplemental water (intervention) or no water (control) 
groups (Fadda et al., 2012).  The students in the supplemental water group received two 
500 ml bottles of water (1000 ml total) over the entire school day and were encouraged to 
drink the water by their teachers (Fadda et al., 2012).  The first bottle was replaced at 
noon and any remaining water was recorded (Fadda et al., 2012).  Hydration level was 
assessed by two spot urines in the early morning and conclusion of the school day based 
on Uosm < 800 mOsmol/kg representing hydration (Fadda et al., 2012).  Cognitive testing 
was conducted after the morning urine sample was collected but before additional water 
was distributed (pre-test) and after the conclusion of the school day and collection of 2nd 
urine sample (Fadda et al., 2012).  Cognition was assessed using portions of two battery 
tests: WISC-III and Group Embedded Figure Test (GEFT) that included a digit span test 
(short-term memory), verbal analogies (fluid reasoning), and visual spatial abilities, 
number additions (speed of processing) and Deux de Barrage (attention) (Fadda et al., 
2012).  Mood was also assessed using Profile of Mood States (POMS) (Fadda et al., 
2012).  Most students (84%) were voluntarily dehydrated at the start of the school day 
based on Uosm ³ 800 mOsmol/kg (n=140) (Fadda et al., 2012).  The number of children 
that were dehydrated in the intervention group significantly (p = 0.0001) decreased from 
morning (80%) to afternoon (42%) (Fadda et al., 2012).  Hydration level and cognition 
only showed a significant result for short-term memory (digit span), which was 
negatively correlated (r=-0.56, p= 0.043) meaning hydration was beneficial to short term 
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memory because high Uosm levels indicate greater levels of dehydration (Fadda et al., 
2012).  Hydration status also had a negative relationship with vigor on the POMS test (r = 
-0.56, p = 0.039) indicating greater levels of dehydration had a negative effect on vigor 
(Fadda et al., 2012).   
A different study examined morning and afternoon Uosm in 58 sixth-grade students 
aged 10-12 years old in two schools in southern Israel (Bar-David, Urkin, & Kozminsky, 
2005).  The children were administered 5 cognitive tests following each urine collection 
including Hidden Figures, Auditory Number Span, Making Groups, Verbal Analogies, 
and Number Addition (Bar-David et al., 2005).  The tests measured visual attention, 
perceptual speed, mental flexibility, and short-term memory (Bar-David et al., 2005).  
The study found that mean morning Uosm was 856 ± 232 mOsmol/kg H2O, which was 
dehydrated based on the cutoff for dehydration: Uosm >800 mOsmol/kg H2O (Bar-David 
et al., 2005).  The 19 students with a Uosm <800 mOsmol/kg H2O made up the hydrated 
group for statistical analysis (Bar-David et al., 2005).  The mean noon-time Uosm was 
similar to the morning Uosm at 813 ± 294 mOsmol/kg H2O (Bar-David et al., 2005).  The 
study also found that morning and noon-time Uosm were highly correlated (r=0.67, 
p<0.001) (Bar-David et al., 2005).  However, no results for the cognitive assessments 
were statistically significant (Bar-David et al., 2005).   
Twenty-five women with a mean age of 23.0 ± 0.6 were selected to enroll in a 
crossover study to determine the effects of mild dehydration on mood. The participants 
partook in three trials separated by 28-days including 1) exercise-induced dehydration no 
diuretic (placebo) 2) exercise-induced dehydration plus diuretic and 3) euhydration plus 
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placebo (Armstrong, Ganio, Casa, & Lee, 2012).  A cognitive battery test was conducted 
to assess vigilance, reaction time, learning, working memory, logical reasoning 
(Armstrong et al., 2012).  The Profile of Mood States questionnaire (POMS) was also 
administered to assess mood (Armstrong et al., 2012).  The effects of dehydration were 
significantly adverse for fatigue-inertia and total mood disturbance on the POMS 
(Armstrong et al., 2012).  Only one significant result was found from the battery 
assessment (scanning visual vigilance, p = 0.02) indicating that cognitive performance 
was mostly unaffected by the mean 1.36 ± 0.16% body mass loss (Armstrong et al., 
2012).   
A different study to look at the effects of dehydration on cognitive performance 
was conducted with a population of 26 men aged 20 ± 0.3 years using the same 
experimental groups as Armstrong et al. (2012)  (Ganio, Armstrong, & Casa, 2011).  
Participants were given an additional 240 ml of water the night before testing days and 
participated in all 3 trials separated by at least 4 days (Ganio et al., 2011).  Hydration 
status was assessed using change in body mass and USG (Ganio et al., 2011).  
Participants were also given a cognitive battery test to assess vigilance, reaction time, 
learning, working memory and logical reasoning, and the POMS questionnaire (Ganio et 
al., 2011).  The study found at rest, dehydration significantly (p=0.048) affected false 
alarms on visual vigilance for the euhydrated (2.90 ± 2.20) vs dehydrated (3.70 ±  3.20) 
participants, and response time (p = 0.021) for the euhydrated (4.24 ± 0.86 seconds) vs 
dehydrated (4.42 ±  0.71 seconds) participants (Ganio et al., 2011).  During exercise, 
dehydration had a significant effect on premature errors on the psychomotor vigilance 
test (p<0.008) for euhydrated (3.70 ± 4.70) vs dehydrated (2.40 ± 2.60) participants 
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(Ganio et al., 2011).  The study also found significant increases in tension/anxiety (p = 
0.029) between those euhydrated (8.70 ± 3.60) vs those dehydrated (9.70 ± 4.00) and 
fatigue/inertia (p = 0.040) between those euhydrated (13.00 ± 5.70) vs those dehydrated 
(14.50 ± 5.30) on the POMS test at rest, and for fatigue/inertia (p = 0.026) between those 
euhydrated (13.00 ± 4.90) vs those dehydrated (13.90 ± 4.80) on the POMS test during 
exercise (Ganio et al., 2011).   
In a cross-sectional pilot study conducted in healthy college students at a large 
Southwestern university, three cognitive assessments were utilized at the 
recommendation of a previously published review paper on hydration and cognitive 
function (Zemek & Johnston, 2016; Riebl & Davy, 2013).  The researchers also chose to 
utilize five tests on a mobile testing platform, Brain Baseline (BB) for comparison ( 
Zemek & Johnston, 2016).  The seven cognitive assessments utilized by the researchers 
were: 1) TMT A and B (paper and BB) 2) the ruler drop test 3) MoCA 7.0 4) Digit Span 
(BB) 5) Stroop (BB) 6) Attention Blink (BB) and 7) Visual Short-Term Memory (BB) 
(Zemek & Johnston, 2016). The study recruited sixty healthy and currently enrolled 
graduate and undergraduate students at a large southwestern university (Zemek & 
Johnston, 2016). The study found only one cognitive assessment produced a statistically 
significant result when compared to hydration status (Zemek & Johnston, 2016).  There 
was a weak relationship between cognitive flexibility and hydration status (r=0.272, 
p=.039) with the TMT B test (Zemek & Johnston, 2016).  
A study in pilots sought to understand whether hydration would affect cognitive 
flight performance (Lindseth, Lindseth, Petros, Jensen, & Caspers, 2013).  Forty pilots 
were randomly selected from 89 consented and eligible collegiate pilot students for the 
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10-week study (Lindseth et al., 2013).  The researchers used the flight simulator that the 
students used in their training to measure flight performance for the study (Lindseth et al., 
2013).  The Vandenberg Mental Rotation Test (MRT) was used to assess spatial 
cognition and memory. The Stemberg Item Recognition Test was used to assess both 
short-term and working memory in the pilots.  Participants were randomized into two 
groups: 1) high fluid diet 2) low fluid diet (Lindseth et al., 2013).  After 2 weeks, 
participants entered a washout period and then switched groups for 2 weeks to serve as 
their own control (Lindseth et al., 2013).  Alcohol consumption was not allowed during 
the 10-week study (Lindseth et al., 2013).  Caffeine consumption restricted to 90mg per 
day and participants were only allowed to consume study foods and beverages (Lindseth 
et al., 2013).  Percent of body weight change was used to assess (Lindseth et al., 2013).  
The study found that the simulated errors scores (higher score = poorer performance) on 
flight performance were significantly worse (p=0.002) for those pilots who were 
dehydrated (449,005.2 ± 43,909.0) compared to those that were not (193,234.9 ± 
72,055.9) using 1-3% body weight change to indicate dehydration (Lindseth et al., 2013).  
Spatial cognition was also adversely affected (p=0.03) in those that were dehydrated 
(13.5 ± 8.2) compared to those that were not (18.26 ± 4.2) (Lindseth et al., 2013).  The 
use of percent body weight change as the hydration assessment tool was a weakness of 
this study since they did not control fluid intake the day prior to testing.  The study was 
conducted under extremely controlled conditions and could have benefited had they 
employed an additional validated hydration assessment measure like USG or Uosm.  
A study of 54 collegiate athletes with a mean age of 19.8 ± 1.2 years of age was 
conducted to look at the effects of dehydration on cognitive performance (D’Anci, 
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Mahoney, Vibhakar, Kanter, & Taylor, 2009).  Participants were members of the men’s 
and women’s rowing and women’s lacrosse teams and were divided into one of two 
groups that either received fluids during practice or had fluids withheld (D’Anci et al., 
2009).  Participants were given a 1-liter bottle of water to consume prior to practice on 
the testing day (D’Anci et al., 2009).  Hydration status was measured using change in 
body weight and thirst perception (D’Anci et al., 2009).  Cognitive assessments were 
completed after practice and included tests to assess attention, short-term memory (digit 
span), simple and choice reaction time, map planning, visual perception, mathematical 
addition and mood (POMS) (D’Anci et al., 2009).  Participants repeated the same 
procedures a week later and were assigned to the opposite testing condition (D’Anci et 
al., 2009).  Anger, fatigue, depression, confusion and tension were all significantly higher 
on the POMS test in the dehydrated participants (D’Anci et al., 2009).  Hydration did not 
have a significant effect on the digit span test, however a learning effect was detected 
(D’Anci et al., 2009).  To offset the learning effect, the researchers did an additional 
analysis, which looked at the first session data using hydration status at that time (D’Anci 
et al., 2009). It showed participants in the euhydrated condition performed worse than 
participants in the dehydrated condition (D’Anci et al., 2009).  There was also a 
significant hydration status-by-time interval interaction for reaction time (p<0.05) 
(D’Anci et al., 2009).  Reaction time for women was stable in the euhydrated group but 
increased over time for those in the dehydrated group (D’Anci et al., 2009).  One major 
flaw of this study was that no other hydration test was conducted prior to practice to 
ensure the pre-practice weight used to calculate loss of body weight was at a euhydrated 
state. USG and urine color are easy to assess in the field and would have increased 
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validity in this study.  Additionally, they did not exercise the participants to a specific 
percent loss in the dehydrated condition and the average percent body weight loss was 
only 1.82% ± 0.40 (D’Anci et al., 2009).   
Another study recruited eleven male basketball players aged 17-28 years old 
(Baker, Conroy, & Kenney, 2007).  Visual processing and attention was assessed using 
the Universal Attention Disorders test (TOVA) (Baker et al., 2007).  Six experimental 
trial conditions were set and participants completed all of them including 1) euhydration 
with sport drink (6% carbohydrate and 18.0 mM NaCl), 2) euhydration with placebo 
(flavored/colored water and 18.0 mM NaCl) sport drink, 3) 1% dehydration 4) 2% 
dehydration 5) 3% dehydration, and 6) 4% dehydration (Baker et al., 2007).  Hydration 
level was determined by total body weight (Baker et al., 2007).  The study found that 
attention was compromised by dehydration (Baker et al., 2007).  The participants fasted 
overnight during the study and their initial morning weigh in was utilized to assess total 
body weight used for hydration level (Baker et al., 2007).  It is known that individuals 
become dehydrated overnight.  Therefore, utilizing morning body weight may have been 
inaccurate as participants could have been in a dehydrated state when they were assumed 
to have been euhydrated.  Because this was the weight used to determine all testing 
conditions, the results could have been skewed or blunted.  Using USG or Uosm would 
have strengthened the data and interpretation of the data. 
Seventeen male basketball players aged 17-28 years were recruited for a study on 
the effects of hydration status on skill performance (Baker, Dougherty, Chow, & Kenney, 
2007).   The participants completed a total of 6 experimental trials: 1) euhydration with 
sport drink (6% carbohydrate and 18.0 mM Na), 2) euhydration with placebo 
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(flavored/colored water and 18.0 mM Na) sport drink 3) 1% dehydrated, 4) 2% 
dehydrated, 5) 3% dehydrated, and 6) 4% dehydrated (Baker et al., 2007).  The basketball 
drill session was designed to stimulate a basketball game (Baker et al., 2007).  Baker et 
al. (2007) found that as dehydration increased, performance on the skills tests decreased 
and significant results began at the 2% dehydration threshold (Baker et al., 2007).  
Additionally, as dehydration increased, fewer shots were made, which could speak to the 
cognitive effects of dehydration (Baker et al., 2007).   
A study of eleven men with a mean age of 26 ± 5 years was conducted to gage the 
effects of dehydration and fluid ingestion on cognition (Tomporowski, Beasman, Ganio, 
& Cureton, 2007).  The participants were instructed to consume 237 ml of water prior to 
their appointment so they would arrive hydrated (Tomporowski et al., 2007).  The 
participants exercised to induce dehydration for either 15, 60 or 120 minutes and were 
divided into two groups: fluid replacement or no fluid replacement (Tomporowski et al., 
2007).  Hydration status was assessed prior to the start of the trial and those with a USG 
> 1.030 were not allowed to participate that day (Tomporowski et al., 2007).  Body 
weight measurements were used to determine dehydration percent using pre- and post- 
exercise weight to calculate body weight loss (Tomporowski et al., 2007).  Cognitive 
tests were given pre- and post- exercise to assess short-term memory and executive 
function.  The researchers observed a significant decrease (p<0.05) in set shifting costs 
(executive function) in all (15, 60 and 120 minutes) no fluid replacement groups and in 
the 120-minute fluid replacement group, with no differences observed across groups 
(Tomporowski et al., 2007).  The researchers also observed a significant increase  
 
	74 
(p<0.05) in item recall (short-term memory) after exercise and did not differ based on 
exercise conditions (Tomporowski et al., 2007).   
In a study of 7 healthy endurance-trained men with a mean age of 25 ± 3 years, 
participants completed 5 experimental sessions separated by at least 15 days (Cian, 
Barraud, Melin, & Raphel, 2001).  Two of the sessions were dehydration by heat 
exposure (with and without fluids), two were dehydration by exercise (with and without 
fluids) and the final session was a control session (Cian et al., 2001).  Dehydration was 
measured by loss of body weight and the goal for all dehydrated experimental conditions 
was set at 2.8% body weight loss (Cian et al., 2001).  Long-term memory, perceptive 
discrimination, reaction time, short-term memory, and unstable tracking were measured 
(Cian et al., 2001).  Decision time was harmed by dehydration (p<0.05) regardless of 
fluid ingestion condition (Cian et al., 2001).  There was a significant decline in 
performance for the dehydrated conditions compared to control condition (p<0.01) for 
short-term memory (Cian et al., 2001).   
Effects of hydration status on cognition in older adults is important to understand 
given that older adults are at increased risk for dehydration and more likely to suffer from 
cognitive impairments (Suhr, Hall, Patterson, & Niinistö, 2004).  In a study of twenty-
eight healthy community-dwelling older adults aged 50 to 82 years, hydration was shown 
to negatively impact psychomotor processing speed (p < 0.01) (Suhr et al., 2004).  
Bioelectrical impedance was used to assess TBW and hydration was calculated as percent 
total body water divided by weight (Suhr et al., 2004).  Cognitive function was assessed 
by a battery assessment (the Repeatable Battery for the Assessment of 
Neuropsychological Status (RBANS), the grooved pegboard test (GPT) and the TMT 
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(Suhr et al., 2004).  Participants were randomly assigned to either drink or not drink (fast) 
after eating an evening meal (Suhr et al., 2004).  Tests were conducted on consecutive 
days and the opposite condition was assigned for the next day of testing, but it was 
excluded from the reported data because the researchers found that overnight 
manipulation was ineffective at creating a significant effect on within-group hydration 
status (Suhr et al., 2004).  Psychomotor processing speed was negatively correlated (r = -
0.49, p<0.01) to a lower %TBW/weight, indicating that as time increased dehydration 
also increased (Suhr et al., 2004).   
Review articles on hydration and cognition have suggested that alcohol and 
caffeine intake be considered and accounted for in analyses, and have also recommended 
future studies on dehydration and cognition utilize battery assessments (Lieberman, 2007, 
2012; Kalman & Lepeley, 2010; Riebl & Davy, 2013).  It was also suggested that dose-
response study designs be utilized in future studies (Lieberman, 2007) and study designs 
focus on reducing limitations and confounders such as physical and thermal stress, 
fatigue, length of dehydration phase, assessment time of day, diet composition, sleep 
quality and quantity, individual participant differences and learning effect on cognitive 
assessments that are repeated (Grandjean & Grandjean, 2007).   
Smartphone applications and dietary behavior change 
 According to a recent report from the Pew Research Center (2015) on 
smartphone ownership and use, over two-thirds (64%) of American’s owned a 
smartphone in 2015 compared to 35% in 2011. The report also noted that younger adults 
(aged 18-29) own smartphones at a higher percent (85%) and are heavily dependent on 
smartphones for internet access (Pew Research Center, 2015).  Furthermore, it was 
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reported that those who earn less than $30,000 per year but own a smartphone are more 
depended on it for online access compared those who own a smartphone and earn more 
than $75,000, because it may be their only means for internet access (Pew Research 
Center, 2015).  It was also found that 62% of smartphone users have utilized their phone 
to learn about a health condition in the past year, higher than those who have used it to 
online bank (57%), look at real estate (44%), job hunt (43%), look at government 
services (40%), access a class or educational content (30%) or submit a job application 
(18%) (Pew Research Center, 2015).  In the younger adult population, the use of a 
smartphone to learn about a health condition was three-quarters (77%), which was higher 
than the average (Pew Research Center, 2015).   
 Most health-related apps on the market have not been  validated, especially 
utilizing randomized controlled trials (Conroy, Dubansky, Remillard, & Murray, 2017).  
In a study conducted to determine if behavior change techniques were incorporated into 
smartphone applications (apps) related to fluid consumption, it was found that less than 
20% incorporated behavior change techniques (Conroy et al., 2017).  The researchers 
used the keyword “hydration” to select the top 15 free and 10 paid apps in OS and 
Android systems (total n=50).  The apps were coded based on Behavior Change 
Taxonomy, and it was found that the number and type of behavior change techniques 
included in the apps varied by operating system (OS vs Android) but not based on cost of 
the apps (free vs paid) (Conroy et al., 2017).  The top 6 behavior change techniques 
implemented in the investigated apps were: prompts or cues, goal setting, self-monitoring 
of behavior, action planning, discrepancy between current behavior and goal, and 
feedback on behavior (Conroy et al., 2017).  Conroy et al. (2017) recommended that 
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practitioners should consider the components of each app and determine if it has any 
behavior change techniques that have been successful in interventions prior to utilizing it 
with patients or in future research.   
 A usability study on an Android hydration application called SPLASH was 
conducted in 10 participants aged 18 to 45 (Luo, Woznowski, Burrows, Haghighi, & 
Craddock, 2016).   Participants were tasked with completing 5 tasks: 1) Entering their 
age, gender and weight in their user settings, 2) logging half a cup of water using a pre-
programmed Near Field Communication (NFC) technology-tagged cup, 3) programming 
an NFC-tagged cup, 4) logging a drink manually, and 5) reviewing and deleting past logs 
(Luo et al., 2016).  Participants also completed a questionnaire following completion of 
the tasks, which included eight 5-point Likert scale questions and 3 open-ended questions 
(Luo et al., 2016).  Results indicated that all participants enjoyed using the app and 
understood its functions (Luo et al., 2016).  The researchers concluded that the results 
demonstrate proof of concept for NFC technology and ease of use and recommended 
future long-term studies (Luo et al., 2016).  
 A qualitative study of twenty-seven college students that reported use of a 
nutrition or physical activity app, aged 18-30 were enrolled in a study at a large public 
university in the Southwestern U.S. (Gowin, Cheney, & Gwin, 2015).  Participants were 
interviewed using open-ended questions that were later transcribed and coded (Gowin et 
al., 2015).  Almost half of the users reported hearing about the app from a family member 
or friend, and almost half of the users reported that they would not consider downloading 
an app that was not free (Gowin et al., 2015).  Most participants had a goal that they were 
trying to achieve by using the app (Gowin et al., 2015).  Participants also reported that 
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usability and ease were important factors (Gowin et al., 2015).  Finally, the study 
concluded that college students are already using apps for nutrition and physical activity 
outcomes and are therefore an ideal population to target with these types of health 
education programs (Gowin et al., 2015).   
 Our labs have demonstrated the efficacy of smartphone applications (apps) for 
tracking behavior.  In one study, participants using a commercially available app more 
consistently entered complete days of dietary data compared to the paper-and-pencil 
group (Wharton, Johnston, Cunningham, & Sterner, 2014).  In a second app trial, we 
were able to demonstrate that app use promoted greater awareness of eating habits and 
possibly improved several health biomarkers (Thompson-Felty & Johnston, 2016).  
Hence, we believe that use of a smartphone app for tracking fluid consumption will have 
merit within our population.   
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